@JAGU PUBLICATIONS

Journal of Geophysical Research: Oceans

RESEARCH ARTICLE

10.1002/2016JC012507

Key Points:

« Lidar and MBES data were combined
to provide thorough coverage of
coral reef

« Robust estimation and depth
calibration were introduced to obtain
an accurate estimate of terrain
complexity in coral reef
environments

« Derived terrain complexity index was
found to be significantly correlated
with in situ observation of coral
abundance

Correspondence to:
F.Yang,
flyang@126.com

Citation:

Zhang, K, F. Yang, H. Zhang, D. Su, and
Q.Q. Li (2017), Morphological
characterization of coral reefs by
combining lidar and MBES data: A case
study from Yuanzhi Island, South
China Sea , J. Geophys. Res. Oceans,
122, 4779-4790, doi:10.1002/
2016JC012507.

Received 25 OCT 2016

Accepted 10 MAY 2017

Accepted article online 16 MAY 2017
Published online 13 JUN 2017

© 2017. American Geophysical Union.
All Rights Reserved.

Morphological characterization of coral reefs by combining
lidar and MBES data: A case study from Yuanzhi Island,
South China Sea

Kai Zhang'-2, Fanlin Yang'2 (), Hande Zhang3, Dianpeng Su’, and QianQian Li'2

'College of Geomatics, Shandong University of Science and Technology, Qingdao, China, *Key Laboratory of Surveying
and Mapping Technology on Island and Reef, National Administration of Surveying, Mapping and Geoinformation,
Qingdao, China, 3Northern Sea Airborne Detachment, China Marine Surveillance, Qingdao, China

Abstract The correlation between seafloor morphological features and biological complexity has been
identified in numerous recent studies. This research focused on the potential for accurate characterization
of coral reefs based on high-resolution bathymetry from multiple sources. A standard deviation (STD) based
method for quantitatively characterizing terrain complexity was developed that includes robust estimation
to correct for irregular bathymetry and a calibration for the depth-dependent variablity of measurement
noise. Airborne lidar and shipborne sonar bathymetry measurements from Yuanzhi Island, South China Sea,
were merged to generate seamless high-resolution coverage of coral bathymetry from the shoreline to
deep water. The new algorithm was applied to the Yuanzhi Island surveys to generate maps of quantitive
terrain complexity, which were then compared to in situ video observations of coral abundance. The terrain
complexity parameter is significantly correlated with seafloor coral abundance, demonstrating the potential
for accurately and efficiently mapping coral abundance through seafloor surveys, including combinations of
surveys using different sensors.

1. Introduction

Coral reefs are facing serious stress and declining worldwide, owing to the combined effects of natural and
anthropogenic threats [Hedley et al., 2016]. Due to the magnitude of these threats, monitoring coral reef
ecosystems, which is an essential step in assessing the impact of disturbances on reefs and tracking their
subsequent recoveries, has drawn increasing attention in recent years. In particular, the mapping of coral
abundance levels on the seafloor can provide valuable information about the trends of coral variation and
has thus become an increasingly popular topic of research.

Traditionally, the coral abundance status is determined from time consuming and inconvenient in situ obser-
vations. A variety of remote sensing approaches have been explored over the last two decades to obtain a
cost-effective measurement of coral abundance [Mishra et al., 2007; Reshitnyk et al., 2014; Hedley et al., 2016].
Among these methods, the combination of a multibeam echo sounders system (MBES) and light detection
and ranging (lidar) technology has received much attention recently owing to its improved resolution and
coverage [Costa et al.,, 2009; lerodiaconou et al., 2011; Micallef et al., 2012; Kennedy et al., 2014; Young et al.,
2015]. MBES has become the preferred approach for seafloor mapping because of its ability to provide high-
resolution measurements across a variety of depths (a few to several thousand meters), has become the pre-
ferred approach for seafloor mapping [Anderson et al., 2008; Zieger et al., 2009; Lurton, 2010]. However, in coral
reef environments, a large portion of the seafloor is located in very shallow-water region (<5 m), which is too
shallow for the safe operation of MBES. In the region where MBES is inoperable, lidar is a convenient alterna-
tive option [Wang and Philpot, 2007; Wedding et al., 2008; Collin et al., 2012; Tulldahl et al., 2012; Yamamoto
et al, 2012; Zavalas et al., 2014; Brock and Purkis, 2015]. lidar can provide high-resolution seafloor data (on the
order of meters) for depths ranging from around 1 m to several tens of meters, depending on the clarity of
the water, and is cost-effective [Costa et al., 2009]. Obviously, these two methods are complementary in terms
of their survey scope. Thus, by combining these two methods, an approximately seamless measurement of a
coral reef can be obtained, resulting in a high-resolution data set across a large range of depths. Using these
data, there is the potential for a better characterization of coral reef systems.
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Aside from considerations of the resolution and coverage of the data, the main concern of this area of study
is how to better characterize coral abundance based on the seafloor measurements acquired. In this
respect, terrain complexity is a reasonable proxy for coral abundance owing to the evident relationship
between bathymetric terrain complexity and benthic habitat biodiversity [Brock et al., 2006; Collier and
Humber, 2007; Pittman et al., 2011; Lecours et al., 2016a,2016b; Hedley et al., 2016]. Following the recognition
of such a link, terrain complexity has increasingly been viewed as an important indicator with a coral map-
ping application [Hedley et al., 2016]. However, two problems prevent an accurate measurement of the
terrain complexity of a coral reef, and few studies have been conducted to address these problems. First,
the bathymetry of the coral reef is highly variable and irregular, which often prevents an accurate measure-
ment of the terrain complexity level. Second, the measurement noise in bathymetric data is similar to actual
seafloor complexity signals. Moreover, due to the inherent depth-dependent pattern of the noise, signifi-
cant disturbances may occur in the computational results. Thus, if not properly addressed, both of these fac-
tors could result in seriously biased results of terrain complexity. Consequently, the statistical relationship
between the coral abundance and terrain complexity will be distorted.

Aside from considerations of the resolution and coverage of the data, the main concern of this area of study
is how to better characterize coral abundance based on the seafloor mapping data. To this end, this study
focused on the impacts of irregular bathymetry as well as the depth-dependent pattern of the measure-
ment uncertainty. The goals of this study include the following: (1) research the accurate measurement of
terrain complexity in a coral reef environment and (2) evaluate the statistical relationship between terrain
complexity and coral abundance.

2. Study Area

The study area is the Xisha Archipelago, which is located in the northern part of the South China Sea (Figure
1a). Due to its distance from the mainland, the marine environment in this area is in relatively pristine condi-
tion. In recent years, the pollution in this region has increased as a consequence of the growing disturbance
of human activity [Xu et al, 2011]. To mitigate the environmental risks, China’s government has imposed
restrictions on travel to this area. Meanwhile, the response of the local marine environment has drawn
increasing attention.
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Figure 1. (a) Location of the Xisha Archipelago. (b) Satellite image of the Yongle Atoll. (c) Satellite image of Yuanzhi Island.
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Figure 2. (a) Shaded relief image generated with lidar data. (b) Shaded relief image generated with MBES data and horizontal locations of ground-truth data with different coral
abundance levels (triangle-rare; star-low; square-medium; circular-high).

Yuanzhi Island (Figure 1c), with an area of approximately 0.3 km?, is a typical coral islet located in the Yongle
Atoll (@ major part of the Xisha Archipelago). As shown in Figure 1b, Yuanzhi Island is located at the edge of
the atoll. Consequently, the depth of the seafloor changes drastically along the western edge of the island
(reaching 100 m at locations 1 km offshore). Therefore, to seamlessly characterize the coral reef in such a
variable bathymetric environment, bathymetric data collected with lidar and MBES equipment s were used
in this study.

Lidar measurements were collected at Yuanzhi Island in January 2013. In this survey, the shallow part of the
bathymetry was measured with an airborne Optech Aquarius system operated at an altitude of approxi-
mately 300 m. During the survey, a POS AV 510 navigation system was used to provide the horizontal posi-
tion with an accuracy of 1.5-3 m. The real-time position and attitude data were obtained via the Applanix
POSPac MMS software. The raw lidar data were processed by waveform extraction, multisource data fusion,
refraction correction, and other steps with the Optech LMS software. In addition, the processing steps
including filtering points, mosaicking raw strips, and gridding data were performed with TerraScan software.
In the end, more than 1.8 X 108 laser shots with the LAS format were acquired in the experimental area.
Through visual judgment, it was recognized that the system provided a credible survey only when the
depth was shallower than 17 m due to the turbidity status of the seawater. After removing the outliers by
manual editing, a point cloud data set with a density of approximately 3 point/m? was obtained. Afterward,
a gridded DEM with a resolution of 1 m was generated by linearly interpolating the point cloud (with
Golden Surfer 11.0 software) (Figure 2a).

For the deeper region where lidar was prohibited, the seafloor was measured with MBES in May 2016. A
high-resolution shallow-water MBES, R2SONIC 2024, was used for the data collection. In the survey, the hori-
zontal position of the sonar was measured with a dual-frequency differential GPS, which provided centime-
ter horizontal positioning precision. To guarantee the horizontal coverage rate, the spacing between
adjacent survey lines was adjusted according to the depth to provide a varying 40-70% overlap. In addition,
sound velocity data were measured with a CTD logger (Ocean Seven304), and tide information was mea-
sured by an AML tidal gauge. The collected data were processed with the CARIS HISP/SISP 9.1 package to
obtain the bathymetric data. After manually editing outliers, the bathymetric data were gridded into a XYZ
format with a 1 m horizontal resolution (with the Golden Surfer 11.0 software, using the “triangulation with
linear interpolation” method) (Figure 2b). In the nearshore region of the island, no MBES data were available
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om because the water was too shallow for
the boat to access safely. Thus, only iso-
\ lated depth measurements could be
y collected in this region using a single-
beam echo sounder that was mounted
on a dinghy. With this low-resolution
information, the shape of the seafloor
can only be roughly depicted and can-
not be used to characterize the seafloor
in detail. However, this region is one of
particular interest to habitat researchers
because an abundance of coral was
found in this area. Therefore, bathymet-
ric data collected with both lidar and
MBES equipment were required to
acquire full and seamless coverage of
the coral reef.
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Afterward, gaps in the MBES survey area were filled with lidar data. There were two major concerns when
merging these two data sets. First, there was a temporal gap (of approximately 4.5 years) between the
two data sets, which inevitably introduced some inconsistency between the bathymetric data from the
two different sources. Second, for the morphological analysis in this study, it was critical to retain the
neighboring consistency of the bathymetric data in each local window. Hence, instead of simply filling in
the discrete gaps in the MBES data set, the lidar data with depths above 14.5 m were considered as a
whole to represent the bathymetric information in the merged data set. The bathymetry of the integrated
data set was given in Figure 3. The area of the merged data was approximately 2.7 km by 2.1 km, with
depths ranging from less than T m to over 100 m. Obviously, the combination of the two data sets pro-
vided thorough coverage of the study area. However, the figure also shows that there was a small vertical
gap between the two different data sets. The histogram of the vertical differences between the MBES and
lidar data on the merging edge is given in Figure 4. The distribution of the difference is a roughly bell
shape, but not a standard Gaussian distribution shape. The median value and the median absolute devia-
tion (MAD) of the difference were determined to be 0.08 m and 0.28 m, respectively. This vertical gap is
attributed not only to the temporal gap of the two data sets but also to the potential errors in the bathy-
metric and tidal measurements.

Figure 3. Shaded relief image generated with the merged data.

In addition to the bathymetric data, in situ observations of the coral abundance on the seafloor were also
collected. Specifically, field documentation of the bottom substrate was made using an underwater video
recorder (GoPro) in May 2016. In this survey, bathymetric data were used to designate sampling locations
to capture a range of depths across the survey area. Constrained by the practical survey conditions, videos
were collected at 28 different locations around the island (Figure 2b). For stations within the MBES survey
area, the horizontal positions of the ship were measured with a dual-frequency differential GPS (centimeter
accuracy). For stations in the shallower areas, the horizontal positions of the dingy were measured with a
beacon-aided GPS, which provides horizontal positions with an accuracy of 1-2 m. During the video sam-
pling, the video recorder (tied to a plumb and a float ball) was dropped to the seafloor from the static ship.
Thus, considering the depth of the seafloor as well as the condition of the current, it was assumed that the
uncertainty of sample location should be less than 3 m. For each station, the period of the video recording
ranged from 0.5 to 3 min. Afterward, the attributes of the seafloor in these stations were categorized into
four groups by visual review, according to the coral abundance levels [rare (<5% cover), low (5-30%),
medium (30-60%), and high abundance (>60%)].
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Figure 4. Histogram of the vertical difference between the MBES and lidar data on the merging edge.

3. Methodology

3.1. Benthic Habitat Mapping Based on Morphological Study

Using the merged data set, an almost seamless bathymetric data set spanning the coral reef can be
obtained. Based on this data, information of terrain complexity can be derived. Terrain complexity is a fun-
damental ecological factor for coral reefs that is related to species diversity and richness [Brock et al., 2006].
Specifically, the degree of terrain complexity has a strong influence on water flow, species diversity, nutrient
uptake and wave-energy dissipation [Frost et al., 2005; Zawada et al., 2010]. For these reasons, terrain com-
plexity has frequently been used to study coral reef ecosystems [Dunn and Halpin, 2009; Guinan et al., 2009;
Pittman et al., 2009; Zieger et al., 2009; Leon et al., 2015].

Though there is a general agreement about the importance of terrain complexity as a measure of coral hab-
itat complexity, there is no standard measurement approach to quantify it [Frost et al., 2005; Lecours, 2016al.
In contrast, various parameterization methods have been proposed for benthic habitat mapping applica-
tions, the detailed discussion of which can be found in Wilson et al. [2007] and Lecours et al. [2016a,2016b].
In this study, our focus was to investigate the proper parameterization of terrain variability, which better
accommodates the irregular terrain features of coral reef environments, as well as the inherent depth-
dependent pattern of the measurement noise. Bearing these considerations in mind, the surface roughness
(SR) index proposed by Hollaus et al. [2011] was chosen to characterize the seafloor morphology related to
the coral abundance in this study.

The SR index is a parameter based on the standard deviation (STD) statistic of the local seafloor terrain.
More specifically, for the bathymetric data in a window of n X n pixels (gridded DEM) (Figure 5a), a plane is
used to fit the terrain points on the pixels. This derived fitted plane is used to represent the slope trend of
the local bathymetry. Afterward, the residual vector is obtained by computing the orthogonal distances
between the terrain points and the fitted plane. Finally, the STD of the residual vector is used to describe
the terrain variability (Figure 5b).

There are two reasons for choosing such a STD-based parameterization to measure terrain complexity. First,
by fitting the trend of the local terrain with a plane and then calculating the residuals relative to the fitted
plane, the SR index efficiently decouples the terrain roughness from the terrain slope [Hollaus et al., 2011].
As a result, a better discrimination of the relationship between the true variable region and the sloping but
smooth region can be obtained. This delineation is helpful for distinguishing a smooth but sloping terrain
feature from the actual terrain roughness corresponding to a coral abundance area. Second, the STD statis-
tic is a simple and straightforward measure of terrain complexity. Under this simple framework, the relation-
ship between the noise and the actual terrain complexity is clear and explicit. Specifically, the contributions
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Figure 5. Schematic illustration of SR calculation. (a) Grids in a 5 X 5 local window for plane fitting. (b) SR value is derived by computing
the STD of the residuals (i.e., the orthogonal distances between the terrain points and the fitted plane).

of these two factors exist in a simple, additive relation. This simple relationship makes the elimination of the
depth-dependent component of the noise rather convenient, as will be shown in section 3.3.

3.2. Robust Estimation of the Local Terrain Slope

When trying to use the SR index to measure terrain complexity, the first challenge is to account for the
irregularity of the seafloor. Traditionally, when computing a SR value for a local window, the least squares
(LS) regression is used to fit the terrain points to capture the main trend of the local terrain. However, the
LS regression is known for its inefficiency in a non-Gaussian environment. The bathymetry of the coral reef
is a typical case of a non-Gaussian environment, where the distribution of the terrain is highly variable and
irregular. Consequently, the fitted plane could seriously deviate from the actual trend of the local terrain,
which would result in a biased SR estimate. Thus, a different approach is required to accurately describe the
trend of the irregular bathymetry in the local window.

When considering an irregular terrain feature, one basic observation is that a small portion of the irregular
terrain points in a local window can be regarded as outliers from a statistical viewpoint. Therefore, to
address the problem stated above, a robust estimation procedure is used to fit a plane to the local terrain
points. Specifically, the least median square (LMS) regression is used to fit the terrain. By substituting the LS
criterion with the LMS criterion, the regression possesses a higher resistance to outliers but a lower estima-
tion efficiency [Rousseeuw, 1984]. As a result, a robust but inefficient initial fitting is obtained. Using the esti-
mate obtained from the LMS regression as an initial value, the M-estimator proposed by Huber [2011] is
then executed. Using this two-step procedure, an accurate and robust estimation solution can be obtained.

3.3. Depth Calibration of the SR Estimate

After robustly estimating the trend of the local terrain, the second challenge in accurately computing the
SR index is to cope with the depth-dependent patterns of the measurement noise. An inherent feature of
the bathymetric data is that the accuracy of the measurements decreases as the water depth increases (for
both lidar and MBES data). To depict this linear relationship, following International Hydrographic Organiza-
tion (IHO) standards, the vertical accuracy of a bathymetric measurement is evaluated by introducing a
depth-dependent factor b:

Ep(95%)=1/a?+(b - d)* M

where a is the depth-independent error, b is the depth-dependent factor and d is the depth [International
Hydrographic Organisation (IHO), 2008]. Thus, if the impact of this depth-dependent pattern is not
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Figure 6. Comparison of the LS regression and the robust estimation in irregular bathymetry environments (extracted from lidar data set).
(a) LS regression result. (b) Robust estimation result.

addressed, the computed SR index will be influenced by variations in depth. To be more specific, in deep-
sea areas, even when the seafloor is very smooth, a large SR value could be obtained due to an increase in
noise at depth. To address this problem, the SR index is calibrated according to its corresponding depth.
Following the IHO standards, a depth-dependent factor b, is introduced in the computation:

SR.= \/ max [0, SR2— (b - d - cos (0))’] )

where SR, is the calibrated SR index and d and 0 are the mean depth and the slope of the local seafloor
patch, respectively. Under the square root sign in this equation, the correction term is simply chosen to be
(bc - d - cos (0))2. This setting is chosen because the contributions of the actual terrain features and the
noise are simply additive under the STD framework (or equivalently, under the variance framework). There-
fore, once the factor b, is fixed, its contribution can be eliminated by simple subtraction. After the above cal-
ibration, the depth-dependent component of the measurement noise is accounted for, and the SR indexes

with different depths are fixed to the
—0.04 same benchmark.
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plane obviously deviates toward the irregular terrain points, resulting in a biased estimate of the slope’s
trend. However, with the robust regression, the main trend of the slope in this local region is well captured
(Figure 6b), which is critical for accurately estimating the SR index. To evaluate the impact of this difference
in the slope trend estimates, the local window was applied to the whole merged data set, and the SR values
from both estimation methods were compared. In total, 3,998,035 pairs of SR values were obtained. In most
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Figure 9. Spatial distribution of the SR index. (a) Without depth calibration. (b) With depth calibration.
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Figure 10. DEM of a smaller area. (a) Shaded relief image of the seafloor bathymetry of the selected area. (b) Representative pictures of two ground-truth stations.

of these pairs, the robust procedure was found to give a larger SR estimate than the LS regression. Figure 7
shows the spatial distribution of the differences between the SR values (Dsg) obtained using the robust pro-
cedure (SRg) and the regular procedure (SRs). For most of the region, Dsg is negligible. Obviously, this corre-
sponds to the regular terrain region of the seafloor. In areas with larger terrain differences (and thus larger
SR values), the robust procedure tends to show a more notable difference. Figure 8 shows the histogram of
the Dsg values when the SR s values are larger than 0.3. In regions with such irregular bathymetry, the differ-
ences between the two methods become significant. Thus, it can be deduced that the regular regression
tends to underestimate the level of terrain complexity in irregular bathymetry environments compared to
the robust estimation.

Using the robust estimation procedure, the SR index over the whole study area was determined and is
shown in Figure 9, which reveals abundant morphological features. Using manual interpretation, the obvious
morphological features of coral can be observed in the shallow-water region (the middle part of the study area
where the depth is less than 20 m). In addition, these morphological features are also evident in the eastern part
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Figure 11. Spatial distribution of the SR index. (a) Without depth calibration. (b) With depth calibration.
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Figure 12. Statistical relationship between the SR index and coral abundance, where the red circles denote stations with depths >15 m.
(a) Without depth calibration. (b) With depth calibration.

of the study area (with the depths of 30-40 m). Along with these interesting features, the existence of the
depth-dependent pattern is also evident. In particular, the ribbing artifacts [Hughes-Clarke, 2003], which are
induced by inaccurate attitude measurements, are obvious in deep areas (i.e, the western part of the study
area). To overcome these interferences, a depth-dependent factor b, of 0.00375 (the special order of IHO stand-
ards) [IHO, 2008] was introduced into equation (2) to calibrate the SR index (Figure 6b). After the calibration, the
depth-dependent interferences in deep areas were largely eliminated. In contrast, in the middle and eastern
regions of the study area, the majority of the high SR values were retained. Obviously, the spatial distribution
pattern of the SR index in the study area was changed remarkably by the depth calibration. To better illustrate
the performance of the different methods, the computed results of a local area are presented. The dimensions
of the local area are 200 m by 200 m, with two video stations (Figure 10). Figure 11 compares the performance
of the robust estimation with and without the depth calibration. As shown in the figure, after the calibration,
there is better agreement between the estimated SR values and the corresponding coral abundance levels.

Third, the relationship between the obtained SR index and the actual level of coral abundance was evalu-
ated. Figure 12a shows the relationship between the two variables before the depth calibration described
above. Generally, the SR indexes increase with an increase in the coral abundance level. In addition, the
Spearman rank correlation results demonstrated strong positive correlations between the SR index and
coral abundance (r = 0.82, P < 0.001). The relationship between the two variables after the depth calibration
was also examined (Figure 12b). Obviously, for stations with depths exceeding 15 m (red circles), the SR val-
ues were reduced by the calibration. This reduction was found to be in agreement with the corresponding
coral abundance levels. This agreement was further confirmed by the increase in the Spearman rank corre-
lation coefficient (r = 0.89, P < 0.001). Thus, it can be concluded that accounting for the depth-dependent
disturbance in bathymetric measurements increases the significance of the relationship between the SR
index value and the coral abundance.

5. Discussion

This study focused on providing an effective morphological method for mapping coral abundance based
on combined bathymetric data from lidar and MBES measurements. According to the experimental results
in section 4, the following statements can be made.

1. The complexity of the bathymetry has important implications for the coral abundance on the seafloor.
Basically, seafloor complexity plays an important role in the growth process of coral. Moreover, bathy-
metric complexity is also a representation of a high-level substrate complexity. In general, reasons for
this bathymetric complexity include the presence of rocks, gravel or human deposits on the seafloor or
the presence of benthic habitats, such as coral reefs or underwater plants. However, in remote coral atoll
environments, where rocks and human deposits are rare, the relationship between terrain complexity
and benthic habitats becomes much more significant. In particular, because underwater plants are sel-
dom observed in the region around Yuanzhi Island, the terrain complexity becomes a reliable indicator
of coral abundance.
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2. Terrain features on the seafloor are often highly irregular, especially in coral reef regions. Consequently, a
traditional LS regression is unsuitable for fitting the trends in these areas, due to their deviation from a
Gaussian noise distribution. From a statistical perspective, terrain irregularity points in a local window
can be regarded as outliers. Hence, robust estimation is applied to fit the local seafloor trend. Based on
the initial estimate provided by the LMS regression, the M estimator is executed to obtain a robust and
accurate estimate of the slope trend for each grid point on the seafloor. Compared to the traditional LS
regression, the robust estimation tends to generate a larger SR value. The reason for this difference is
that the LS regression is quite sensitive to irregular terrain points. As shown in Figure 6a, the estimated
plane is strongly influenced by irregular points. Thus, a smaller square of residuals is obtained, resulting
in an underestimate of the SR index. This underestimation becomes more significant in areas with more
variable terrain (Figure 8). Obviously, the impact of this underestimate is not insignificant since the
majority of the SR indexes range between 0 and 0.4 (Figure 9). Therefore, in order to accurately measure
the complexity level of the bathymetry, it is necessary to address the impact of irregular terrain with
robust estimations.

3. Lidar and MBES measurements are complementary when surveying the bathymetry of coral reefs. Using
their complementary coverage of different depth regions, an approximately seamless measurement of
coral reef bathymetry can be obtained. A notable feature of this measurement is the depth-dependent
pattern of its uncertainty (for both lidar and MBES data). This pattern means that the calculated SR values
increase with depth. As such, a depth-dependent factor is introduced to eliminate the impact of the
depth-dependent uncertainty. Nevertheless, for a particular survey environment, an accurate estimation
of the depth-dependent factor is seldom available. In a smooth seafloor environment, the factor b, can
be estimated by examining the statistical relationship between the bathymetric complexity and depth.
However, in a coral reef environment, such attempts are made difficult by the highly variable terrain fea-
tures resulting from the existence of coral. Therefore, as a conservative estimate, the quantification of b,
directly follows the suggestion of the IHO standards (special order). As shown in Figure 9, the depth-
dependent interferences were largely eliminated. In addition, the SR indexes for different depths were
fixed to the same benchmark, which is a necessary step for accurately judging the coral abundance level.
These techniques allow the relationship between the computed SR index and the in situ coral abun-
dance observations to become more statistically significant.

6. Conclusion

In this study, one major goal was to explore the potential for the accurate characterization of coral reefs
using morphological studies of the bathymetry. To this end, this study focused on a method for effectively
measuring the terrain complexity of a coral reef. In the developed method, the disturbance of terrain irregu-
larities is accounted for by robust estimation. Meanwhile, a depth calibration procedure was introduced to
eliminate the disturbance of the depth-dependent noise component. As suggested by the experimental
results, the presented method provides better characterization of the seafloor terrain complexity. Mean-
while, the obtained SR index was found to be significantly correlated with the in situ coral abundance
observations, which suggests that the SR index is a suitable indicator of habitat complexity in a coral reef
environment. Although the study area in this research was limited to the Yuanzhi Island, the methods are
assumed to be capable of generalizing to other coral reef regions in the world.
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