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Abstract—In this letter, the characterization of two coral
banks is initiated employing the multifractal detrended fluctua-
tion analysis (MFDFA) for multibeam bathymetry and associated
backscatter data. The seafloor roughness was estimated using
the Hurst exponent of a second-order moment. The two coral
banks are located around the buried channels off Malpe, western
continental margin of India (WCMI). The Gaveshani bank is lying
on a submerged headland with high backscatter strength. The
presence of greater seafloor roughness and medium multifractality
in the backscatter data series indicates less heterogeneity of
the involved process. In an evolutionary process, the Gaveshani
bank may not be affected by the paleochannels. Contrary to the
Gaveshani bank, another unnamed coral bank located on lowland
and with lower backscatter strength shows lower seafloor rough-
ness and greater multifractality, comparatively. This smoothness
is due to the considerable heterogeneity of the seafloor process of a
paleochannel system. During the Holocene period, the waves and
the current action have further modified the morphology of the
coral banks. To support the present analysis, we have juxtaposed
the multifractal data analysis of seepage and nonseepage seafloor
off Goa, WCMI, along with the coral banks.

Index Terms—Backscatter, bathymetry, coral bank, multibeam,
multifractal detrended fluctuation analysis (MFDFA), western
continental margin of India (WCMI).

I. INTRODUCTION

IN GENERAL, the nature of seafloor processes has shown
scale dependence in both temporal and spatial data series

[1]. The multibeam data provide concurrent bathymetry and
backscatter regarding the large-scale and small-scale rough-
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ness. The geology and related topographical data demonstrate
the need for a method to simulate the surfaces with a scale-
dependent process [2]. In the past, the roughness of the seafloor
has been successfully investigated using the fractal dimension
parameter for bathymetry profiles [3]–[5].

The fractal dimension measures the degree of fragmentation
and irregularities linked to the structure of the data series [6].
The fractals are homogeneous objects having the same scaling
properties and are characterized by a single scaling exponent.
However, analyzing an inherent property of the signal with only
fractal formalism is inadequate. Hence, multifractal formalism
(multiscaling properties, and different fractal dimensions) are
essential. Multifractal parameters, such as the degree of asym-
metry (B), maximum singularity strength (α0), and degree
of multifractality (W ) are utilized to differentiate multifractal
measures for varied profile data sets [8], [9].

In the western continental margin off Malpe, Karnataka
coast, India, two living coral banks were identified using an
EM 1002 multibeam echo sounder (MBES), namely, 1) the
Gaveshani bank [10] and 2) an unnamed coral bank [11]. The
other important provinces in the western continental margin of
India (WCMI) are associated with the seafloor seepages [12].
The seepage areas are considered a prospective energy resource
for the hydrocarbon accumulations in both shallow and deep
environments. Recent studies using MBES system-based data
have emphasized the morphological aspects of pockmarks as-
sociated with seepage [13], [14].

This letter measures the seafloor roughness, for oceanic coral
bank surfaces, to delineate the scale-invariant features in con-
nection with a typical geological seafloor setting. The current
work is organized as follows. Section II outlines details of
materials and methods, and the study area is given in Section III.
In Section IV, a detailed explanation of the methodology of
the multifractal detrended fluctuation analysis (MFDFA) is
described. The results and discussions of varied geological
areas are presented in Section V. Conclusion is provided in
Section VI, from the observed results obtained from different
geological provinces.

II. MATERIALS AND METHODS

The MBES data system for the present study was used to
acquire a dataset during a survey (in 2006) onboard coastal
research vessel (CRV) Sagar Sukti. The EM 1002 system
operates at a frequency of 95 kHz and acquires the bathymetry
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and concurrent backscatter data. The bathymetry data were
processed using Neptune software (M/s Kongsberg AS), and
the PROBASI II software [15] was used to process the backscat-
ter data. The backscatter strength of the three areas, namely, the
Gaveshani bank, 2) the unnamed coral bank, and 3) seepage
and nonseepage areas, varied between (−15 to −30 dB), (−32
to −59 dB), and (−26 to −57 dB), respectively. Normally, in
the case of a smooth seafloor, the angular backscatter strength
displays high values at normal incidence, when compared to
the outer beam angles. In the course of a data acquisition,
such backscatter strength produced artifacts in the data. On
application of the sonar techniques in the preprocessing step
along the center beam path, the artifacts were removed. These
corrections were utilized to correct values of the outer beam
backscatter strength. For image enhancement and gridding, the
data were imported to the CFLOOR software version 6.3.1 (M/s
Cfloor AS) [13]. Subsequently, a four-stage image processing
technique was employed to improve the data image quality [16].
After data processing and image enhancement techniques, a
raster-based spatial analysis of data in ArcGIS (M/s ESRI Inc.,
1999, USA) was carried out. The study area was arranged as
linear data traces (either backscatter or bathymetric) trending in
the geographical north–south direction referred to as “profiles.”
In the present study, 6, 11, and 17 profiles were considered
for 1) the Gaveshani bank, 2) the unnamed coral bank, and
3) seepage and nonseepage areas, respectively. The bathymetry
and backscatter hold 5970, 27 346, and 7599 data points of
all profiles in the three areas, respectively. The sediment grab
samples were also considered in and around the bank as a
ground truth of the study areas.

III. STUDY AREAS

The Gaveshani bank, a living coral bank [17], is situated
approximately 100 km off Karnataka coast along the WCMI
(located at latitude 13◦24′ N and longitude 73◦50′ E). The coral
bank lies in the 80-m water depth, with its top surface lying at
38 m below the sea surface (see Fig. 1). Nair and Qasim [10]
and Rao et al. [18] had reported that the bank has a N–S ori-
entation and is 770 m in length and 330 m in width. A detailed
exploration over the bank has yielded calcareous sand, live and
dead corals associated with the calcareous algae, mollusks, and
serpulids reported from the grab samples [17]. During a second
cruise on board R/V Sidorenko [11], another coral bank at about
100 km off the coast in WCMI is also reported. The bank occurs
in a water depth of 79 m and is located at latitude 13◦43.5′ N
and longitude 73◦42′ E orientated in the N–S direction. The
water depth from the sea surface to the top of the bank is
54 m. The maximum length and width of the bank are about
5900 and 4300 m, respectively. The sediment grab samples
contain coral debris and pebbles, in addition to calcareous sand
and live and dead corals. In this letter, the MFDFA was carried
out as in the previously explored seepage area. We present 17
profiles located at latitude 15◦34′ N and longitude 72◦50′ E,
where water depth varies between 145 and 330 m. Out of these
profiles, the seepage area consists of the first eight profiles, and
the remaining profiles are the nonseepage area. The seepage
area is associated with fault-controlled pockmarks with the fluid
escape features in the form of seeps [9]. The composition of
the area is coarse sediment associated with the precipitation
of diagenetic minerals from the biodegradation of a seepage
material [14].

Fig. 1. Locations of the Gaveshani (bottom right), unnamed bank (bottom left),
and seepage area (top left).

IV. METHODOLOGY OF MFDFA

The outline of the MFDFA technique [19]–[21] is concise
here. The MFDFA methodology includes five key steps. In the
preliminary step, subtracting the mean 〈x〉 of the bathymetry
and backscatter data from the spatial series xk of length N
offers integrated data series Y (i) as follows:

Y (i) ≡
i∑

k=1

[xk − 〈x〉] (1)

where i = 1, . . . , N , and the ensemble average of x is given as
follows:

〈x〉 =
(

i∑
k=1

xk

)/
N.

In the second step, the resultant profile Y (i) is divided into
nonoverlapping segments Ns ≡ int(N/s) of equal length s.
Next, in the third step for each of the respective segments,
calculation of local trend by using the least square fit is de-
termined using the fitting polynomial yv(i). The fluctuation
function [F (s, v)] is given as follows:

F 2(s, v) ≡ 1

s

s∑
i=1

{Y [(v − 1)s+ i]− yv(i)}2 . (2)

Then, the series is detrended by eliminating the fitting poly-
nomial for each segment v = 1, . . . , Ns. Here, the order of
fitting considered may be linear, quadratic, cubic, or higher
order polynomials. In the fourth step, the average fluctuations
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are computed for all the segments to obtain the qth fluctuation
order function, as follows:

Fq(s) ≡
{

1

Ns

Ns∑
v=1

[
F 2(s, v)

] q
2

} 1
q

(3)

where the index variable q can take any real value except zero.
The average fluctuations depend on the spatial scales s for
a range of qth order (−5 to 5). In the fifth step, the scaling
behavior of the fluctuation function is estimated from the slope
of plot log2[Fq(s)] versus s for a range of q. If the spatial
series obeys power law correlations, then the fluctuation order
function is expressed as [Fq(s) ∼ sh(q).] Here, the function
h(q) is termed as the generalized Hurst exponent. For a sta-
tionary signal, the generalized Hurst exponent varies, i.e., 0 <
h(q) < 1. In this case, the generalized Hurst exponent is same
as the Hurst exponent [h(2) = H ]. Correspondingly, for a non-
stationary signal, h(q) > 1, and the Hurst exponent is needed
to correct for a generalized Hurst exponent, i.e., H = h(2)− 1,
and spectral exponent (β) [= 2H + 1] [22]. However, in the
case of a monofractal time series, h(q) is independent of
q because the scaling behavior of the variances F 2(s, v) is
identical in all the segments v. The average fluctuation of the
spatial series gives similar behavior for different orders of q.
The qth order signifies the magnifying type, negative values
describe small-scale fluctuations, and positive values of a q
provide large-scale fluctuations. Through the standard partition
function-based multifractal formalism, the Hurst exponent h(q)
directly relates to the classical multifractal scaling exponents
τ(q) [19], [21]. The two multifractal scaling exponents are
represented in an analytical relation as [τ(q) = qh(q)− 1.]
Another way to characterize a multifractal series is the singu-
larity spectrum f(α) that is related to a τ(q) via a Legendre
transform “α = τ ′(q)”; “f(α) = qα− τ(q).” Here,α is termed
as the singularity strength or Hölder exponent and measures
the regularity of a system at the instantaneous point of the
signal, whereas f(α) denoting the dimension of the subset
of the series is characterized with α. Using expression of
τ(q), it is also possible to relate α [= h(q) + qh′(q)] and
f(α) [= q[α− h(q)] + 1] with h(q). The singularity spectrum
(f(α)) represents the nature of multifractality, i.e., broader
spectrum indicates greater measure of a multifractality denoted
by multifractal width [W = α2 − α1]. The second parameter
(B) = (((α2 − α0)− (α0 − α1))/α2 − α1) measures the de-
gree of asymmetry of the inverted parabola curve. It indicates
the dominance of low or high fractal exponents. α0 denotes
maximum singularity within the signal.

V. RESULTS AND DISCUSSIONS

A. Results

Here, the multifractal analyses of the coral banks and seepage
area from the WCMI, using multibeam data, are carried out.
The Hurst exponent plot or singularity spectrum shows typical
sigmoid or humped shapes, which illustrate that the profiles
are exhibiting multifractality (see Fig. 2). Moreover, the dif-
ferences in multifractality among the profiles are also noted.
The bathymetry profiles of two coral banks show a higher
degree of multifractality [see Fig. 2(a) and (c)] than the profiles
considered in seepage and nonseepage areas, out of which
the lowest multifractality is observed for the nonseepage area
(9–17 profiles) of WCMI. In a case of multifractal formalism,
the degree of smoothness (or roughness) in the seafloor profile

Fig. 2. Multifractal analyses (Hurst exponent and singularity spectrum) of the
respective bathymetric and backscatter datasets.

Fig. 3. Multifractal shape parameters (α0, B & W) are projected in 3-D
scatter plot.

can be known with the Hurst exponent of a second-order
moment. All the spatial profiles of the bathymetry and concur-
rent backscatter fall in a nonstationary signal class. Hence, to
obtain the roughness, the necessary correction [H = h(2)− 1]
is performed. The bathymetry data indicate the structure of the
seafloor, and the corresponding backscatter represents the tex-
ture of the seafloor. This parameter does not show any important
variations (the two coral banks and seepage area have shown
the same type of sigmoid trend) throughout its positive q values
for seafloor type considered here in this study [see Fig. 2(a)].
Interestingly, the backscatter profiles of the four areas show
variation in their roughness. We have also noticed a higher
degree of multifractality in a nonseepage backscatter profile of
the WCMI than the rest of all the profiles [see Fig. 2(b) and (d)],
including coral banks. Thus, the backscatter profiles of the
nonseepage area have higher roughness values (0.24), which is
sequentially followed by the seepage area (0.27), the Gaveshani
bank (0.33), and the unnamed coral bank (0.63) [see Fig. 2(b)].

The results were semi-quantitatively analyzed through mul-
tifractal shape parameters, such as maximum (α0), asymmetry
(B), and width (W ), estimated for each of the multifractal
spectra [9], [21] and then projected on a 3-D scatter plot at the
respective three axes [see Fig. 3(a) and (b)]. The bathymetry
profiles of the two coral banks show significant clustering in a
3-D scatter plot, with higher values in W and α0 and moderate
B values. These profiles are distinguished from the seepage
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Fig. 4. Test of multifractality (shuffled series (shaded rectangular box) with
original series) for bathymetry and backscatter datasets.

and nonseepage areas with moderate values in B and α0 and
lower values in a width W , as illustrated in Fig. 3(a). Prominent
clustering was also observed in the backscatter data sets for the
coral bank areas. Conversely, the seepage area represents the
lowest value for the maximum α0 [1.24–1.41], which signifies
that regular processes are involved in the spatial variability of
such signals, i.e., it loses fine structures, and symbolize coarser
structures in the multifractal series [8]. For such signals, the
degree of asymmetry (B) provides the highest positive values
[−0.07–0.31], as illustrated in Fig. 3(b), representing a smooth-
looking behavior. Correspondingly, the profiles have lower val-
ues in the width of the spectrum [0.33–0.80]. Since nonseepage
profiles of shallow depth ∼ 180 m have a slightly higher value
of maximum α0 [1.25–1.55] than the seepage area, along with
low asymmetry B and greater values in width W [0.76–1.26].
It reveals that a complexity exists in the spatial profile series of
the nonseepage area. Similar analyses were performed for the
backscatter profiles of the two coral banks. The Gaveshani bank
shows higher values in α0 [1.46–1.88] with low to moderate
values of W and B. Conversely, at the unnamed coral bank,
moderate to high B [−0.05–0.28] values are observed along
with the higher values in a maximum α0 and W .

Furthermore, for the entire spatial profiles, there is a need to
verify the multifractality only attributed to the long-range corre-
lations. The shuffled series for the bathymetric and backscatter
profiles were generated by employing the shuffling procedure
[19]. For instance, if the shuffled series exhibits monofractal be-
havior, i.e., hshuf(2) = 0.5, then, in the shuffling procedure, the
long-range correlations present in the series will be destroyed.
Each of the spatial scale signals of the bathymetry and their
respective backscatter data has shown monofractal behavior
[see Fig. 4(a) and (b)]. Thus, all the profiles which exhibit
multifractality are due to the long-range correlations only.

B. Discussion

In this letter, the entire spatial signals are exhibiting the
nonstationary part of the series. We have applied MFDFA to
analyze inherent fluctuations of the signal. The bathymetric
data of the Gaveshani bank have the highest degree of mul-
tifractality, indicating an inhomogeneous area relief (1.07 <
W < 1.82), as compared with an unnamed coral bank (1.04 <
W < 1.47). Based on the bathymetry data, the Gaveshani bank
displays greater complexity due to the reef structure, implying
higher coral growth. The corresponding higher backscatter data
show moderate multifractality (0.58 < W < 0.87), i.e., less
heterogeneous processes. The Hurst exponent [h(2)] shows
higher roughness for backscatter data in the Gaveshani bank.
Shuttle Radar Topographic Mission (SRTM) data [see Fig. 5(a)]

Fig. 5. (a) Site locations with insert bathymetry of SRTM data. (b) shallow
seismic record (3.5 kHz) with characteristic near-shore sediments (D1-D3),
transgressive surface (TS) and paleochannels.

shows that the Gaveshani bank can be found positioned on the
top of a submerged headland, which was unaffected by the
paleochannel smoothening effect.

From an unnamed coral bank, in addition to live and dead
corals, we have also identified pebbles in the sediment grab
samples [11]. The presence of pebble suggests an erosion envi-
ronment. These pebbles designated, as inland sources of fluvial
origin (fanglometric or alluvial deposits), are indicative of
earlier in the Holocene period [24]. The coarse quartz pebbles
have also been identified in Bundair, Honavar, and Mangalore
(near the Netravati River) [25], [26]. In the vicinity of the
area, the shallow seismic record shows characteristic near-shore
sediments (D1–D3), and the channel fill with the four buried
channels or paleochannels overlaid by a transgressive surface
(TS) represents a rise in the sea level [27] [see Fig. 5(b)]. Along
the Goa and Karnataka coast, these paleodrainage lines link
to river courses, which run from the continental shelf to the
shelf edge [see Fig. 5(a)]. Ahead of the Holocene period, in a
subaerial exposed area, the fluvial deposition was dominant,
which smoothens the walls of buried channels. During the
transgression period (sea level rise) in the Holocene period,
the two coral banks were submerged. Once the bank was
flooded, the decrease in the flow of sediment deposition has
initiated sediment backfilling along the slope of the channel.
Consequently, the hydrodynamics of the area, such as waves
and currents, have modified the morphology of the bank. The
SRTM data shows an unnamed coral bank submerged located
in a low-lying seabed terrain around the paleochannels. The
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multifractal results support the geomorphology of the area. The
Hurst exponent [h(2)] of an unnamed coral bank backscatter
data suggests lower roughness in this region, i.e., smoothened
the seafloor along the bank. The smoothened surface also
presents lower backscatter strength. The multifractal shape
parameter offers a high degree of multifractality (0.60 < W <
1.08). The paleochannel effect and associated coral growth
involve heterogeneity of the processes over the unnamed coral
bank. This suggests that the unnamed bank has a comparatively
less degree of coral growth, as compared with the Gaveshani
bank. Seafloor processes are more heterogeneous in nature of
unnamed coral bank than the Gaveshani bank.

To cross-validate, we also included seepage and nonseepage
areas of WCMI. The seepage area has the highest backscatter
strength with low roughness and low multifractality (0.33<W<
0.80) i.e., less heterogeneous in the process. The backscatter
strength is predominantly dominated by acoustic impedance
and interface roughness due to the precipitation of diagenetic
minerals from the biodegradation of the seepage material,
which forms a hard bottom [23]. The nonseepage area has low
backscatter strength, higher roughness, and a greater degree
of the multifractality [i.e., high heterogeneity in the process
(0.76<W<1.26)]. The reason might be due to intercalation of
shell materials along with coarse sediments at the texture level.

VI. CONCLUSION

In the present study, we have looked at different geological
settings in WCMI of two coral bank surfaces. To characterize
the necessary geological processes describing seafloor behavior
at various spatial scales, we utilized the MFDFA technique.
Through using the MFDFA technique, the analysis is performed
by using multifractal shape parameters. The two coral banks lie
in vicinity to the buried channels off the Karnataka coast, which
represent the paleoenvironment originating in WCMI earlier
than the Holocene period. The Gaveshani bank displayed higher
backscatter strength with comparatively higher roughness. This
bank is overlying on the headland and devoid of any fluvial
depositional effects. Interestingly, the other unnamed coral
bank that is located on a lowland area shows a complexity in the
structure of the multifractal series and lower roughness, with
the low backscatter strength, in comparison with the Gaveshani
bank. This unnamed coral bank displays moderate relief and
is a smooth reef. Subsequently, the occurrence of pebbles in
this area suggests the erosion effect of paleochannels. To cross-
validate, we have included the seepage and nonseepage areas
from WCMI in our multifractal analysis. We obtained signif-
icant clustering in the estimation of multifractal parameters
between coral banks versus the seepage and nonseepage areas.
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