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Understanding the correlation between tidal rhythms and marine
organism behavior is crucial. This extends beyond fluctuations in chlorophyll a concentrations and includes
various biological processes in the marine environment. Awareness is key for a comprehensive perspective
on the role of tidal forces, affecting ocean’s physical aspects and life form diversity. This study aims to
explore the complex relationship between tidal movements and chlorophyll a concentrations in the
northern Bay of Bengal, focusing on how tidal rhythms affect chlorophyll a concentrations.

The analyzed variables include tidal parameters, such as lunar semidiurnal tidal characteristics
and Simpson—Hunter parameters, as well as sea level, tidal current, and current magnitude, obtained from
the Tidal Model Driver. Additionally, hourly chlorophyll a data for January 2022 were acquired from the
geostationary meteorological satellite Himawari-8, and the rate of change of chlorophyll a was determined
through chlorophyll a calculations. This study employs wavelet analysis, applying continuous wavelet
transform and wavelet transform coherence for chlorophyll a, rate of change of chlorophyll a, sea level,
tidal current, and current magnitude, to explore oscillation patterns and temporal correlations within the
marine ecosystem of the northern Bay of Bengal.

Lunar semidiurnal tidal amplitudes increase toward the north, peaking at the Sagar and Ramree
Islands, and tidal phases rise from south to northeast. Most of the bay, categorized by <0.25 Formzahl
values, experiences semidiurnal tides. Surface lunar semidiurnal elliptic currents, stronger in the north
and east, flow clockwise and turn counterclockwise toward the south. The Simpson—Hunter parameter
indicates heightened tidal mixing, particularly along the northern and eastern coasts. Region 2 showed the
highest mean chlorophyll a concentration (12.58 milligram per cubic meter), whereas Region 1 showed the
lowest mean chlorophyll a concentration (0.79 milligram per cubic meter). Similar trends were observed
for tidal current and current magnitude. The continuous wavelet transform analysis provides data on
chlorophyll a and the rate of change of chlorophyll a within 6, 12, and 24 hours, sea level changes within
8-16 hours, and consistent tidal effects on tidal current and current magnitude in the range of 5-7 hours.
The wavelet transform coherence analysis highlights the relationships between chlorophyll a and sea level
over 12 and 24 hours periods and between chlorophyll a and current magnitude. Furthermore, the wavelet
transform coherence analysis examines the rate of change in chlorophyll a in relation to tidal currents over
6, 12, and 24 hours.

Tides remarkably affect chlorophyll a concentrations. There are strong links between
chlorophyll a concentrations and key tidal aspects, such as sea level and current magnitude. Higher tidal
variables correlate with increased chlorophyll a concentrations and are related to the Simpson—Hunter
parameter, indicating that regions with vigorous mixing show higher chlorophyll a concentrations. This
finding highlights the major role of tidal forces and variations in the chlorophyll a concentrations in the
Bay of Bengal. The wavelet transform coherence analysis of chlorophyll a, sea level, and current magnitude
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According to Xing et al. (2021), tides play a crucial
role as hydrodynamic forces in continental shelf seas,
significantly influencing marine ecosystems and
biogeochemical cycles. The spring—neap tidal cycle
has been observed to lead to biweekly variations in
chlorophyll a (Chl-a) concentrations in certain shelf
waters. A significant obstacle in investigating these
phenomena is the prevalence of missing data and the
infrequency of satellite observations. The biweekly
variations in Chl-a concentrations are strongly
associated with the differences in tidal currents (TC)
observed during spring and neap tides. Furthermore,
these differences in TC are instrumental in
determining the seasonal effects of spring—neap tides
on Chl-a, particularly in temperate coastal regions.
Gaining insights into the effects of short-term
hydrodynamic processes on Chl-a in marine
ecosystems is key to a more profound understanding
of ecosystem dynamics and biogeochemical cycles.
The concentration of phytoplankton biomass, often
quantified in terms of Chl-a, is crucial for
understanding various environmental issues. Chl-a,
the primary molecule responsible for photosynthesis,
serves as an indicator of water quality and a proxy for
biomass content (Boyer et al., 2009). High Chl-a
concentrations can indicate eutrophication, which
leads to harmful algal blooms that affect aquatic
ecosystems, water quality, and marine life. Conversely,
low Chl-a concentrations can indicate limited
biological activity, potentially impacting the marine
food web and carbon cycling. Thus, monitoring Chl-a
concentrations helps in assessing and managing
these environmental concerns. Tides, commonly
recognized as the primary hydrodynamic force on
most continental shelves, have a notable influence on
the dynamics of marine ecosystems. This influence
has been extensively investigated and documented.
For instance, Shi et al. (2013) analyzed the tidal
effects on ecosystem variability in the Chesapeake
Bay, whereas Eleveld et al. (2014) examined the
impact of tidal and meteorological factors on
estuarine suspended particulate matter
concentrations. These studies collectively underscore
the significant influence of tidal cycles, particularly
spring—neap tidal cycles, on Chl-a fluctuations. This
significant tidal impact is also evident in the in situ
observations. Van der Hout et al. (2017) investigated
the dynamics of suspended particulate matter and

Chl-a from intratidal to annual timescales in a coastal
turbidity maximum. Furthermore, Li et al. (2021)
explored tidally induced temporal variations in the
growth of young-of-the-year Pacific cod in the Yellow
Sea. These studies collectively underscore a significant
correlation between the tidal rhythms and the
behavior of marine organisms. This intricate
relationship emphasizes the importance of
understanding how tides affect marine ecosystems,
extending beyond fluctuations in Chl-a concentrations
to include a broader range of biological processes in
these environments. This comprehension is essential
for a comprehensive view of the role of tidal forces,
illustrating how they influence not only the chemical
and physical aspects of the oceans but also the
myriad of living entities that inhabit these waters.
Such knowledge is invaluable for a complete
understanding of marine ecosystems, providing
insights into the interconnectedness of physical
forces and biological life in the oceanic realm. The
influence of tidal oscillations on marine biological
processes is intricate and diverse, playing a pivotal
role in shaping the vertical stability of the water
column, the distribution of nutrients, and the
development of phytoplankton. These elements are
crucial for the structure and functionality of marine
ecosystems. Tidal oscillations create a cycle of intense
tidal mixing and substantial stratification, each
impacting the vertical stability of the water column in
distinct ways. This fluctuation affects the physical and
chemical attributes of water, consequently influencing
vital biological processes. The condition of the water
columnis of paramountimportance for phytoplankton
growth. During periods of high tidal energy with
pronounced vertical mixing, essential nutrients are
carried to the surface layer, fostering photosynthetic
growth, as explored by Cullen and Lewis (1988) in
their study on algal photoadaptation in the context of
vertical mixing and by Demers et al. (1986) in their
research on phytoplankton responses to vertical tidal
mixing. Nonetheless, this same process can transport
phytoplankton below the photic layer, impairing their
growth because of diminished light exposure, as
investigated in the studies conducted by Lagadeuc et
al. (1997) on the temporal variations in the vertical
stratification in a tidal region of a freshwater influence
system and by Lauria et al. (1999) on the contrasting
phytoplankton distributions controlled by tidal
turbulence in an estuary. Periods of high tidal energy



are instrumental in delivering nutrients to the surface
layer via turbulent processes and diffusion, which are
vital for the sustenance of photosynthetic organisms,
as highlighted by Sharples et al. (2007). Conversely,
during periods of low tidal energy, the surface layer is
depleted of nutrients, and fewer organisms are
displaced from the photic layer, leading to
restratification. This change fosters a diverse array of
environmental conditions that distinctly affect marine
life. The continuous alternation of these contrasting
environmental conditions, driven by tidal oscillations,
significantly influences the overall structure and
dynamics of the marine ecosystem, as noted by
Cadier et al. (2017). The northern Bay of Bengal
(NBoB) is an area with abundant fish and is a
significant contributor to global fish production (FAO,
2011). Raju et al. (2022) reported that fishing is
concentrated in a small region of the continental
shelf, particularly between the 10 m and 50 m depth
contours. Local fishing communities, who possess
knowledge of the ocean and its behavior, are already
familiar with these areas of high fish concentration.
According to Madhupratap et al. (2003), the NBoB is
unique because of its coastlines, marine features, and
ecological relationships. This area is also affected by
frequent storm surges and tides, which cause
significant changes in sea level (SL) over time, as
noted by Tazkia et al. (2017). The climate in the NBoB
is mainly influenced by monsoons, which are seasonal
winds. The northeast (NE) monsoon usually occurs
from November to February, and the southwest
monsoon occurs from June to September, as
described by Goswami et al. (2016). Wind pressure
and speed are stronger in August than in February,
according to Hidayat et al. (2023). The research
conducted by Diez-Minguito and de Swart (2020) in
the Guadalquivir estuary showed that, on a tidal
timescale, Chl-a concentrations exhibit synchronized
fluctuations in line with the spring—neap tidal cycle.
Peak Chl-a concentrations were observed during
periods of maximum ebb and flow. Furthermore, the
highest Chl-a concentrations were typically recorded
2-3 days following a neap tide. This delayed response
could be linked to a complex interplay of various
factors, potentially including the availability of light
and the influence of sedimentation, as noted by
Azhikodan and Yokoyama (2016). In this study, the
relationship between Chl-a concentrations and tidal
movements is examined. To achieve this objective, a

broad investigation of tidal patterns in the NBoB was
first undertaken. This involved determining the
amplitude and phase of lunar semidiurnal (M2) tides,
calculating the Formzahl number (F) to classify the
tidal patterns of the NBoB, examining the elliptical
surface layer currents during M2 tides, and analyzing
the Simpson—Hunter (SH) parameter of M2 TC.
Subsequently, an analysis of hourly Chl-a data from
January 2022 was conducted, comparing it and its
rate of change (calculated as the derivative of the
natural logarithm of Chl-a with respect to time) with
various tidal variables. These variables included SL
elevation, TC, and current magnitude (|U]) data, all
recorded during the same period in January 2022.
The analysis led to several descriptive conclusions.
The impact of the SH parameter on the variability of
Chl-a concentrations was investigated by categorizing
three regions based on the SH parameter values.
Region 1 has high SH parameter values, indicating low
tidal dynamics, whereas Region 2 has low SH
parameter values, indicating high tidal dynamics.
Region 3 has moderate SH parameter values. The
period of each time series of each variable related to
Chl-a and tides is determined through continuous
wavelet transform (CWT) analysis. In addition, a
guantitative relationship between Chl-a
concentrations and tidal variables was established
through wavelet transform coherence (WTC) analysis.
Analyzing the relationship between Chl-a and tides is
crucial because of the profound impact of tides on
marine ecosystems and marine biological processes.
Tides, as primary hydrodynamic forces, induce
biweekly variations in Chl-a concentrations in coastal
waters during spring—neap tidal cycles, influencing
short-term processes in marine ecosystems. For
example, Shi et al. (2011) examined the tidal effects
on satellite ocean color observations, whereas Roden
(1994) investigated Chl-a blooms and tidal patterns.
Sharples et al. (2007) explored internal tide mixing,
and Koh et al. (2006) reported higher Chl-a
concentrations during spring tides. Understanding
this relationship extends beyond physical and
chemical aspects, impacting the behavior and growth
of marine organisms, as reported by Rahman and
Cowx (2006) and Krumme et al. (2008). In regions
such as the NBoB, where fishing is vital, recognizing
these patterns is crucial for sustainable practices and
ecosystem management. This knowledge aids in
predicting fish behavior and maintaining fish stocks.



Inthe NBoB, which is characterized by unique features
and ecological relationships, analyzing Chl-a and tides
is vital. Research, as exemplified by Diez-Minguito
and de Swart (2020), reveals synchronous Chl-a
fluctuations with the spring—neap tidal cycle, which is
essential for understanding different factors, such as
light availability and sedimentation in the marine
ecosystem. This knowledge promotes effective
environmental management and sustainability in the
NBoB. Numerous studies have been conducted on
Chl-a in the NBoB. Raju et al. (2023) explored the
spatial and temporal variations in the thermal front in
this region and its interaction with Chl-a
concentrations around fishing vessel clusters on the
continental shelf and determined that these thermal
fronts, present on the continental shelf and at the
shelf break, exhibit notable persistence and a strong
seasonal pattern, primarily driven by annual cycles.
To identify these thermal fronts, Raju et al. (2023)
employed the moderate resolution imaging
spectroradiometer daily sea surface temperature
(SST) along with the weekly Chl-a concentration data.
In a separate study, Hidayat et al. (2023) investigated
the relationship between Chl-a, SST, and sea surface
salinity using monthly time series data but did not
establish a correlation between Chl-a and tides.
Meanwhile, Poddar et al. (2019) focused solely on
estimating the Chl-a concentration in the northern
coastal areas of the Bay of Bengal, without linking it
to tidal influences. Naderipour et al. (2021)
determined the best setup for hybrid renewable
energy systems, focusing on the role of tidal energy,
and emphasized the substantial impact of tidal energy
in certain regions, increased use of photovoltaic
energy in one area, and reduced dependence on
wind turbine sources. These findings underscore the
significance of incorporating tidal energy into these
systems. Koropitan et al. (2022) examined the effects
of Cyclone Marcus on oceanographic processes
within both the subsurface and surface layers, along
with its implications for temperature and Chl-a
concentrations in the Southeastern Indian Ocean.
This investigation uses data from the Copernicus
dataset and Argo floats to thoroughly analyze the
oceanographic characteristics of the region before,
during, and after the occurrence of Cyclone Marcus.
Importantly, the aforementioned studies do not
assess the relationship between Chl-a and tides. The
present study takes a distinct path by investigating

the relationship between Chl-a, rate of change of
chlorophyll a (ROCChl-a), and tidal variables, such as
SL, TC, and |U|. To the best of our knowledge, this
specific aspect has not been previously explored.
Moreover, this study incorporates hourly time series
data for both tides and Chl-a, providing a more
detailed and comprehensive analysis of these
environmental factors. This study explores the
relationship between tidal movements and Chl-a
concentrations in the NBoB. This study was conducted
at the Ocean Modelling Laboratory, Department of
Marine Sciences, Universitas Syiah Kuala, Indonesia,
and in the NBoB using the data from 2022.

This study hypothesizes that tidal movements
significantly influence Chl-a concentrations in the
NBoB, with tidal rhythms correlating with variations
in Chl-a concentrations and impacting marine
organism behavior and ecosystem processes. Based
on the aforementioned statements, the following
research questions of interest for further exploration
have been formulated: (1) What is the distribution
pattern of M2 amplitude, M2 phase, tidal type in
the NBoB, M2 surface layer elliptic current, and SH
parameter? (2) What is the relationship between
Chl-a and ROCChl-a with respect to the following
specific tide-related variables: SL, |U|, and TC? In
addition, does the SH parameter influence the Chl-a
concentrations in this context? (3) What are the
periods of the following variables: Chl-a, ROCChl-a,
SL, TC, and |U]|? (4) How can WTC analysis be used to
further explore the interactions and synchronization
between Chl-a and its ROCChl-a with the tide-related
variables (SL, TC, and |U]) in the NBoB? Question
1 is answered in the section “Tides in the NBoB.”
Question 2 is answered in the section “Chl-a and
tides data,” with a demonstration in Fig. 3. Question
3 is answered in the section “CWT.” Finally, Question
4 is answered in the section “WTC.” The results are
shown in Table 2.

Study area and data

The study area is located in the NBoB, spanning the
latitude range of 18° N to 23° N and the longitude
range of 84° E to 95° E, as illustrated in Fig. 1. Fig.
1 illustrates the depth of the NBoB, highlighting
the 10 and 50 m depth contours used by nearby
residents for fishing. The growing demand for fish
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Fig. 1: Geographic location of the study area showing the bathymetry of the NBoB. The data are derived from the Shuttle Radar Topography
Mission 15 Plus. Region 1 is located at the coordinates 85° E-87° E and 18.5° N—20° N, Region 2 is located at the coordinates 90° E-92° E and
21° N-23° N, and Region 3 is located at the coordinates 92° E-94° E and 18.5° N-20.5° N. The contours denote the ocean depth (in meters).
The thick lines denote the contours of the 10 and 50 m isobaths, which are areas of intense fishing. The color bar denotes the bathymetric

depth (in meters), and the scale in the figure is in kilometers.

and unsustainable fishing practices pose the threat
of depleting fish stocks, which can have severe
consequences for fishing communities and the
marine ecosystem. Thus, sustainable fishing practices
need to be adopted and this resource needs to be
appropriately managed to maintain the productivity
of the NBoB and its contributionto global fish
production. For further analysis, three regions were
selected. The selection of these three regions was
based on the SH parameter values. Region 1 has a
high SH parameter, Region 2 has a low SH parameter,
and Region 3 has a moderate SH parameter value.

The amplitude and phase parameters of the M2
tide, tidal ellipses, and SH parameters were obtained
and derived from the Tidal Model Driver (TMD) using
the M2 tide component. TMD is a MATLAB package
used to access harmonic constituents and make tidal
predictions. TMD operates at a resolution of 1/4°
x 1/4° with eight tidal constituents (Padman and
Erofeeva, 2005).|U| is obtained from the u and v
current components using Eq. 1 (Amsalia et al.,
2022):

|U|:\/u2 +v7.

SL was discussed in detail by Ikhwan et al. (2021),
who used data from the fast Fourier transform. In this
study, SL data were obtained from TMD (Padman and
Erofeeva, 2005). The TC values were obtained
from the SL using Eq. 2 (Blauw et al., 2012):

(1)

d(SL)
|

TC ~ (2)

Hourly Chl-a data for January 2022 were obtained
from the geostationary meteorological satellite
Himawari-8, provided by the P-Tree System of
the Japan Aerospace Exploration Agency (JAXA)
(Murakami, 2016). The ROCChl-a was determined
as follows: Initially, data conversion was performed
by applying the natural logarithm. This logarithmic
conversion decreases skewness and alleviates the



Table 1: Summary statistics of Chl-a, ROCChl-g, SL, TC, and | U] for Regions 1, 2, and 3 in January 2022

Region Variable Total Mean Median Min Max IQR Variance S.D.
Sample

1 Chl-a 744 0.79 0.75 0.01 2.24 0.37 0.11 0.33

ROCCHL 743 0.15 0.13 -0.87 1.30 0.16 0.06 0.25

SL 744 0.00 0.01 -1.05 1.18 0.87 0.28 0.53

TC 743 0.22 0.22 0.00 0.54 0.20 0.02 0.13

|U| 744 0.04 0.04 0.00 0.09 0.04 0.00 0.02

2 Chl-a 744 12.58 12.80 0.10 25.55 4.52 17.43 4.18

ROCCHL 743 0.11 0.12 -0.32 0.47 0.08 0.01 0.08

SL 744 0.00 -0.01 -1.52 1.74 1.39 0.64 0.80

TC 743 0.35 0.34 0.00 0.78 0.30 0.04 0.19

U] 744 0.81 0.79 0.21 1.58 0.53 0.11 0.33

3 Chl-a 744 1.36 1.33 0.32 3.25 0.40 0.13 0.37

ROCCHL 743 0.09 0.10 -0.58 0.68 0.26 0.04 0.19

SL 744 0.00 -0.01 -1.12 1.35 1.01 0.37 0.61

TC 743 0.26 0.26 0.00 0.61 0.23 0.02 0.15

JU| 744 0.24 0.25 0.06 0.44 0.09 0.01 0.07

influence of sporadic high spikes in the Chl-a dataset.
Subsequently, ROCChl-a was computed using Eq.
3 (Blauw et al., 2012):

din(Chl-a) 1 d(Chl-a)
dt " (Chl-a) dt

(3)

Table 1 summarizes the statistical measures,
including the mean, median, minimum value (Min),
maximum value (Max), interquartile range (IQR),
variance, and standard deviation for Chl-a, ROCChl-g,
SL, TC, and |U].

Determining the tidal front

The tidal mixing parameters can be calculated using
the SH parameter using Eq. 4 (Simpson and
Hunter, 1974):

K =log,, [Z‘;j, (4)

where h_is the average water depth (in meters) and
u is the depth-averaged M2 tidal velocity (in meters
per second).

Wavelet analysis

The CWT, implemented using the Morlet wavelet
function, is utilized to detect predominant oscillation
patterns and distinct periodic elements within
each separate time series. This method provides
precise time—frequency resolution, which aids in the

identification of various temporal components. The
WTC method is employed to uncover and visually
represent intricate time—correlation connections

between two sets of data. With its high time—
frequency resolution capabilities, WTC helps highlight
detailed relationships between the aforementioned
data series. The Morlet wavelet function (o) is
defined in Eq. 5 (Torrence and Compo, 1998):

/4 iog ~1*/2

l//o(t)zﬂ' ee 7, (5)

where l,boisthe nondimensional wavelet coefficient,
i=+~1, and w_ is the dimensionless frequency
associated with the dimensionless time variable ¢,
thereby enabling scale resolution adjustment. The
formula for CWT with the time series X, n=123,
..., N-and uniform time interval &, is expressed in Eq.
6 (Grinsted et al., 2004):

A=l

v i—n)d,
W (5) = | 2w {(":)} (6)

where \/%7 is the normalization factor, s is the
wavelet scale, and n is the reversed time index. The
formula for WTC is expressed in Eq. 7 (Grinsted et
al., 2004):

‘S(a’lW,f" (s))‘z

S(a’anx (s)) . S(a’any (s)) '

R (s)= (7)



where W =W;W,;" is the wavelet cross-spectrum
between two signals, x and y . The term W, is
the complex conjugate of W’. S is the smoothing
operator. The statistical significance level of WTC
against red noise or an autoregressive model of order
1 (AR(1)) was determined using the Monte Carlo
method (Fu et al., 2012; Grinsted et al., 2004). The
phase angle ¢ (s) of the WTC is used to analyze the
lead—lag connection between two variables and is
defined in Eq. 8 (Kristoufek, 2015):

B{S(a"any (s))}
%{S(a'lW,fy (s))}

#,(s)=tan' , (8)

where J and R are the imaginary and real part
operators, respectively.

Tides in the NBoB

Ocean tides consist of a series of sinusoidal and
tidal harmonic components unique to each location.
The primary components in this sequence are the
semidiurnal constituents, i.e., M2, S2, N2, and S2,
which have periods of 12.42, 12.00, 12.66, and 11.97
h, respectively. In addition, the diurnal constituents,
i.e.,, K1, 01, P1, Q1, and S1, have periods of 23.93,
25.82, 24.07, 26.87, and 24.00 h, respectively. These
varying periods illustrate the complexity and diversity
of tidal patterns across different marine environments
(Wolanski and Elliott, 2015). Fig. 2a illustrates the
tidal amplitude and phase of M2 in the NBoB region.
The M2 amplitude exhibits an increasing trend from
the southwestern to the northern regions of NBoB,
peaking at Sagar Island in the north and Ramree
Island in the east, before decreasing again at Cox’s
Bazar. The highest M2 amplitude was observed at
Sagar Island and Ramree Island. In addition, the
phase of M2 increases gradually from south to NE in
the NBoB. These findings are consistent with those
reported by Wan et al. (2019). According to Polagye
(2009), tidal types are categorized based on the
Formzahl number (F = (K1 + 01)/(M2 + S2)), where
K1 is the amplitude of the diurnal or lunisolar diurnal
constituent, O1 is the lunar diurnal constituent, M2
is the semidiurnal constituent, and S2 is the principal
solar semidiurnal constituent (Haditiar et al., 2020).
The four tidal types are semidiurnal (0 < F < 0.25),

mixed and predominantly semidiurnal (0.25 < F <
1.5), mixed and predominantly diurnal (1.25 < F <
3.0), and diurnal (F = 3.0). Fig. 2b shows the F values
for the NBoB, indicating that most of the areas
in the bay have F < 0.25, which corresponds to a
semidiurnal tidal type. This result is consistent with
the findings of Wan et al. (2019), who also reported
that semidiurnal tides are prevalent in most of the
Bay of Bengal. Fig. 2c shows the M2 elliptic currentin
the surface layer of the NBoB. The amplitude of the
elliptic current is notably high in the northern and
eastern regions of the NBoB and generally flows in a
clockwise direction. With the southward movement,
the amplitude of the elliptic current decreases, and
its direction shifts counterclockwise. The semimajor
axis of the tidal ellipse points toward the estuary area
to the NE of the NBoB. These results are consistent
with the findings of Wan et al. (2019). Simpson and
Hunter (1974) introduced a method for calculating
the tidal mixing parameters using the SH parameter
formula or K in Eq. (4). According to Simpson and
Hunter (1974), the value of K indicates the average
intensity of tidal mixing in the water column at a
specific location. As the value of K decreases, either
due to decreased water depth h_or increased depth-
averaged M2 tidal velocity (u), tidal mixing becomes
stronger. Zhu et al. (2013) classified K parameter
values into three categories, i.e., strong tidal mixing
for K values < 2.0, moderate tidal mixing for K values
between 2.0 and 2.8, and weak tidal mixing for K
values > 3. Fig. 2d shows the SH parameter calculated
from the M2 TC, revealing a decrease in the K value as
it approaches the coast. The most notable decrease
in the K value occurred in the northern and eastern
regions of the NBoB, indicating strong tidal mixing in
those areas.

<
<

Chl-a and tidal data

This study focused on analyzing the influence
of tidal cycles on Chl-a concentration. Given that
the cycle between spring and neap tides occurs for
approximately 14 days, the analysis was conducted
for 1 month, in this case, January 2022. This approach
enabled us to observe two full cycles of spring and
neap tides within the month. The methodology
involves using hourly data over this 1-month period,
which adequately captures the tidal influence on
Chl-a. Hourly Chl-a data were obtained from the
geostationary meteorological satellite Himawari-8
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Fig. 2: (a) Amplitude (red dashed line; in centimeters) and M2 phase (blue line; in degrees), (b) tidal type in the NBoB based on the F value,
(c) current ellipses of M2 tides and their orientations (red, clockwise; blue, counterclockwise), and (d) SH parameter log, h/u®.

and provided by the P-Tree System of the JAXA.
However, the Chl-a data acquired had a significant
number of missing values and some outliers, which
necessitated interpolation to address these gaps.
Therefore, the hourly Chl-a data were initially cleaned
by filling in missing values and addressing outlier
data using extrapolated estimates derived from
autoregressive models (Akaike, 1969; Nagahawatte
et al., 2023). To elucidate the relationship between
Chl-a and ROCChl-a, derived from Chl-a, and their
connections with tidal variables, such as SL, TC, and
|U|, these associations are presented in Fig. 3. Fig.
3a shows the time series of Chl-a concentrations
across three regions: Region 1 is shown in red, Region
2 is shown in blue, and Region 3 is shown in black.
Generally, Region 2 exhibits the highest mean Chl-a
concentrations, followed by Region 3 and Region
1 with the lowest mean Chl-a concentrations. Fig.
3b illustrates the ROCChl-a for each region, with
the corresponding colors of red, blue, and black for
Regions 1, 2, and 3, respectively. Notably, the mean
ROCChl-a values in Region 2 are lower than those
in Region 1. This inverse relationship between Chl-a

and ROCChl-a is understandable when considering
their interplay, as expressed in Eq. (3). Consequently,
higher Chl-a concentrations are associated with
lower ROCChl-a values. Fig. 3c—3e focus on the tidal
variables: SL, TC, and |U|. Fig. 3c illustrates that
Region 2 experiences the highest amplitude of SL,
whereas Region 1 experiences the lowest amplitude
of SL. A similar pattern is observed with TC, as shown
in Fig. 3d, where the highest TC values are in Region
2 and the lowest TC values are in Region 1. This
consistency extends to the tidal variable |U|, with
Region 2 exhibiting the highest values and Region 1
exhibiting the lowest values. The interconnectedness
of these tidal variables is apparent; a higher SL tends
to result in increased values of TC and |U|. The
low values in Region 1 are also reflected in the M2
amplitude values shown in Fig. 2a, with the highest
amplitude observed in Region 2. Relating this to the
SH parameter values from Fig. 2d, lower SH values
correspond to areas with high dynamics, as indicated
by the high SL, TC, and |U| values. A lower SH value in
a region indicates higher dynamics and consequently
increased mixing. The relationship between Chl-a
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and these three tidal variables is particularly
intriguing. Higher SL, TC, and |U| values correspond
to increased Chl-a concentrations. This finding is
linked to the SH parameter values shown in Fig. 2d.
Regions with higher mixing (indicated by lower SH
values) have higher Chl-a concentrations. This finding
indicates a dynamic interplay where tidal influences
and water column mixing significantly impact Chl-a
concentrations.

cwr

Fig. 4 shows the results of the CWT analyses of
Chl-a, ROCChl-a, SL, TC, and |U| across Regions 1,
2, and 3 in January 2022. The CWT delineates areas
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of significant wavelet power, indicated by thick black
contours that represent a 95 percent (%) confidence
level against red noise or AR(1). The cone of influence
(COl) in these plots demarcates regions where
estimations are more reliable (denoted by bright
colors) from those that are less reliable (denoted by
pale colors). In Region 1, the CWT of Chl-a reveals
significant areas in the 6—~12-h band on Days 7 and 19;
similarly, significant areas in the 24-h band occur on
these same days. Notably, Day 7 marks the end phase
of the spring tides, whereas Day 19 corresponds to
the occurrence of spring tides. In Region 2, the CWT
of Chl-a shows significant areas in the 7-12-h band
from Day 1 to Day 26. In addition, significant regions
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in the 24-h band were observed on Day 13, coinciding
with the initial phase of the spring tides. In Region 3,
the CWT of Chl-a indicates significant areas in the 7—
12-h band from Day 1 to Day 5 and from Day 18 to Day
22. Significant regions in the 24-h band were evident
from Day 7 to Day 16 and on Day 29. The periods from
Day 1 to Day 5 and from Day 18 to Day 22 correspond
to the occurrence of spring tides, whereas Days
7-16 mark the occurrence of neap tides. The CWT of
ROCChl-a in Region 1 shows significant areas in the
1- to 6-h band on Day 2, aligning with the period of
spring tides from Day 1 to Day 6. In Region 2, the CWT
of ROCChl-a reveals significant areas in the 2—4-h
band on Days 23 and 31 and in the 10-40-h band from
Day 4 to Day 30, coinciding with the neap tides from
Day 23 to Day 31. In Region 3, the CWT of ROCChl-a
shows significant areas in the 5-12-h band the entire
month. The CWT analyses of SL in Regions 1, 2, and 3
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all indicate significant areas in the 8—16-h band from
Day 1to Day 31. This finding is consistent with those of
Blauw et al. (2012) in the southern North Sea. Finally,
the CWT of TC and |U| in all three regions reveals
significant areas in the 5-7-h band the entire month,
highlighting consistent tidal influences across these
regions and indicating a robust TC pattern. Blauw et
al. (2012) analyzed the CWT of Chl-a in the southern
North Sea, an area characterized by semidiurnal tidal
patterns, in 2007 and determined that Chl-a exhibited
dominant periodicities of approximately 6 h and 12
min, 12 h and 25 min, and 24 h. These periodicities
are consistent with the findings of the present study,
as shown in Fig. 4, across the three research regions in
January 2022. Such similarities in periodicity indicate
a consistent pattern in Chl-g variability associated
with semidiurnal tides, enhancing the understanding
of Chl-a dynamics in areas influenced by these tidal
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patterns. This consistency is also observed in the SL
data. Blauw et al. (2012) noted that SL exhibited a
12-h period, which is consistent with the CWT results
of SL shown in Fig. 4, confirming that the findings of
the present study are consistent with those of Blauw
etal. (2012).
WwTC

Fig. 5 illustrates the WTC between the time series
of Chl-a and SL, Chl-a and |U|, and ROCChl-a and TC
across Regions 1, 2, and 3 in January 2022. For better
understanding, an interpretative guide was provided
for the WTC results. When conducting WTC analysis
between two variables, i.e., A and B, the direction of
the arrow within the coherence plot can fall into one
of four quadrants, each providing insights into the
phase relationship between A and B, as follows: (1) In
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Quadrant I, the phase lag x indicates that A and B are
in phase, with B leading. (2) In Quadrant Il, the phase
lag x—* indicates that A and B are in the antiphase,
with A leading. (3) In Quadrant lll, the phase lag x—
indicates that A and B are in the antiphase, with B
leading. (4) In Quadrant IV, the phase lag x* indicates
that A and B are in phase, with A leading. These
guidelines are crucial for interpreting the phase
relationships between Chl-a and SL, Chl-a and |U],
and ROCChl-a and TC. These essential insights into
the synchronicity or time lag between these two time
series at each of the research regions enhance the
understanding of the interactions between the Chl-a
variables and the oceanographic tide data. Table 2
presents a quantitative analysis of the data illustrated
in Fig. 5, showing the WTC relationships between



Table 2: WTC between Chl-a and SL, Chl-a and |U|, and ROCChl-a and TC

Chl-a and SL Chl-a and |U| ROCChl-a and TC
Region Period Time Phase Lag Period Time Phase Lag Period Time Phase Lag
(h) (days) (deg) (h) (days) (deg) (h) (days) (deg)
1 10-16 2-3 1107* 14-16 9-11 80 16-34 2-6 100~
5-7 20 18-32 3 15% 8-10 1357*
8-10 110~ 5-8 150~ 11-13 30
18-20 45 13-21 45%* 16-21 45*
30 30* 27-30 30 22-24 180~
20-32 2-10 110~ 128-150 17-24 170~ 28-30 10
11-20 60*
23-28 30*
2 12-16 4 110* 10-34 2-8 10* 12-15 5-8 150~
17-20 0 20-34 11-14 170~ * 12 23 150~
8-16 12-14 10* 24-32 19 180~ 20-32 2-9 0
20-34 2-8 30* 35-70 4-5 0 18-19 10
9-14 30 27-28 180~
24 19 170~* 48-64 4-6 30*
24 10
3 10-16 3-8 120 * 12 4 170~ * 4-8 23-24 0
16 120 * 6-16 22-26 30 6 28 0
19-21 0 14-32 28-30 150~ 4-6 30 90*
23-27 45% 20-34 5-7 10* 10-16 22-26 20*
29-30 45 24-32 23-25 150~ * 16-34 2-8 20%*
20-32 5-16 30 170-200 17-22 30* 26-30 180~
21 180~ 20-32 14 30
28-30 170~ 20-21 90

Chl-a and SL, Chl-a and |U|, and ROCChl-a and TC
across Regions 1, 2, and 3 in January 2022.

The WTC findings are visualized with thick black
contours representing AR(1), and COI distinguishing
between more reliable (denoted by bright colors)
and less reliable (denoted by pale colors) estimation
regions. WTC analyses of Chl-a and SL over periods of
12 and 24 h are conducted. In Region 1, WTC results of
Chl-a and SL exhibit significant coherence in the 10—
16-h and 20-32-h periods. Notable days within the
10-16-h period include the 2nd—3rd, 5th—7th, 8th—
10th, 18th—20th, and 30th. Quadrant | arrows on the
5th—7th and 18th—20th indicate a positive correlation
with SL leading Chl-a, whereas Quadrant Il arrows
on the 2nd-3rd indicate a negative correlation with
Chl-a leading SL. Quadrant Ill arrows on the 8th—10th
indicate a negative correlation with SL leading Chl-a,
whereas Quadrant IV arrows on the 30th indicate
a positive correlation with Chl-a leading SL. In the
20-32-h period, significant coherence was observed
from the 2nd to 10th, 11th to 20th, and 23rd to
28th. Quadrant Il arrows on the 2nd-10th indicate
a negative correlation with SL leading Chl-a, whereas
Quadrant IV arrows on the 11th—20th and 23rd—-28th

indicate a positive correlation with Chl-a leading SL.
WTC of Chl-a and |U] in Region 1 exhibit significant
coherence in the 14-16-h, 18-32-h, and 128-150-h
periods. In the 14-16-h period, notable coherence is
observed on the 9th—11th, with Quadrant | arrows
indicating a positive correlation, where |U| leads
Chl-a. In the 18-32-h period, significant coherence
is observed on the 3rd, 5th—-8th, 13th-21st, and
27th—-30th. During the 27th—30th, Quadrant | arrows
show a positive correlation, with |U| leading Chl-a.
Conversely, Quadrant Il arrows on the 5th-8th
show a negative correlation, with |U| leading Chl-a.
Meanwhile, Quadrant IV arrows on the 3rd and 13th—
21st show a positive correlation, with Chl-a leading
|U]. In the extended 128-150-h period, significant
coherence was observed on the 17th—24th. Here,
Quadrant Il arrows show a negative correlation,
with |U| leading Chl-a. The WTC results of ROCChl-a
and TC in Region 1 indicate significant areas in the
16—34-h period. During this period, significance was
observed on the 2nd-6th, 8th—10th, 11th—13th,
16th—21st, 22nd—-24th, and 28th—30th days. Arrows
in Quadrant | on the 11th-13th and 28th—30th
days indicate a positive correlation, with TC leading
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ROCChl-a. Arrows in Quadrant Il on the 8th-10th
days indicate a negative correlation, with ROCChl-a
leading TC. Arrows in Quadrant Ill on the 2nd-6th
days indicate a negative correlation, with TC leading
ROCChl-a. Arrows in Quadrant IV on the 16th—21st
days indicate a positive correlation, with ROCChl-a
leading TC. However, on the 22nd—24th day, ROCChl-a
and TC exhibited a negative correlation and moved
together because of a phase lag of 180°. In Regions
2 and 3, the interpretations are similar to those in
Region 1. The quantitative results are shown in Table
2. Diez-Minguito and de Swart (2020) described the
WTC between Chl-a and |U| in the Guadalquivir
River, which experiences the same semidiurnal
tidal pattern as the NBoB. During spring tides, they
observed significant WTC between Chl-a and |U|
over periods of 6, 12, and 24 h. These findings are
consistent with the WTC results of Chl-a and | U], as
shown in Fig. 5. The similarities in significant areas
and periodicities between both studies support
the relationship between Chl-a and |U]| in regions
affected by semidiurnal tides. Blauw et al. (2012)
also reported significant WTC between ROCChl-a and
TC in the winter of 2007 in the southern North Sea,
which experiences semidiurnal tides similar to the
NBoB, and observed significant coherence in periods
of 6, 12, and 24 h. These findings are also consistent
with the results of the present study, as shown in Fig.
5. The similarities in significant areas in both the CWT
and WTC analyses between the current study and the
research of Blauw et al. (2012) and Diez-Minguito
and de Swart (2020) confirm that the findings of the
current study are consistent with those of previous
studies.

The NBoB has been categorized based on the F
value, an essential metric for tidal classification,
revealing that most areas within the bay have
an F value < 0.25, indicating a predominantly
semidiurnal tidal pattern. Further exploration of the
NBoB features has exposed intriguing dynamics,
particularly in the surface layer elliptic current
M2. In the northern and eastern regions, there is a
significant increase in amplitude, with a dominant
clockwise flow direction. By contrast, the amplitude
reduces and changes to a counterclockwise pattern
as one moves southward. The semimajor axis of the
tidal ellipse consistently points toward the estuary in
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the north and east. The analysis of the SH parameter,
derived from M2 TC, shows a marked decrease in its
value closer to the coast, particularly in the north
and east, indicating enhanced tidal mixing in these
areas and a complex interaction of various forces. An
examination of the tidal variables reveals a consistent
pattern, i.e., Region 2 has the highest amplitude of
SL, TC, and |U|, whereas Region 1 has the lowest
amplitude of SL, TC, and |U|. A significant correlation
exists among these variables, with the amplitude of
SL being related to increased TC and |U| values. In
addition, the low M2 amplitude observed in Region 1
correlates with a higher SH parameter value. Regions
1 and 2 are characterized by the lowest and highest
M2 amplitudes, respectively. Consequently, this
results in the highest SH parameter values in Region
1 and the lowest SH parameter values in Region 2.
Furthermore, a notable correlation between Chl-a
concentrations and tidal variables (SL, TC, and |U|)
was observed. Regions with higher values of these
tidal parameters consistently show increased mean
Chl-a concentrations. This trend is also evident in
the SH parameter values, indicating that areas with
more intense mixing and dynamic conditions tend
to have higher mean Chl-a concentrations. The CWT
analysis consistently revealed SL fluctuations across
all regions within the 8-16-h range throughout the
month, emphasizing the ongoing impact of tidal
forces on SL. Moreover, both TC and |U| exhibited
uniform tidal influences across all areas, particularly
within the 5-7-h band, underscoring the significant
influence of tidal dynamics on these hydrodynamic
factors. Overall, the CWT analysis has enhanced the
understanding of the complex relationships between
Chl-a, ROCChl-a, and tidal variables (SL, TC, and |U|)
and their interplay with tidal cycles across these
regions. The WTC analysis performed on the time
series data of Chl-a and SL, Chl-a and |U|, as well as
ROCChl-a and TC at Regions 1, 2, and 3, revealed a
significant level of coherence among these variables
across all three regions. This coherence was observed
over various time intervals, showcasing a spectrum
of correlations and phase differences between the
parameters. These findings collectively emphasize
the complex network of interrelations between these
environmental variables. The impact of semidiurnal
and diurnal cycles on Chl-a is distinctly traceable
through the patterns observed in the CWT and WTC
figures. Specifically, the semidiurnal influence is



marked by a prominent approximately 12-h periodicity
in both CWT and WTC analyses, whereas the diurnal
influence is characterized by approximately 24-h
periodicity evident in these analyses. The observed
variations in coherence, strength of the correlations,
and phase lags between them highlight the fluid
and dynamic nature of the interactions between
Chl-a, SL, |U|, ROCChl-a, and TC. The results of
the present study, which demonstrate correlations
between tidal variables and Chl-a concentrations,
have significant practical implications in various
marine and environmental fields. By understanding
the relationship between tidal dynamics and
Chl-a concentrations, fisheries can optimize their
harvesting strategies to ensure the sustainability of
fish populations. In addition, these insights are crucial
for ecosystem management, as regions with higher
tidal parameters (SL, TC, and |U|) tend to exhibit
increased Chl-a concentrations. This knowledge is
valuable for marine biologists and environmental
scientists in understanding marine food chains and
biogeochemical cycles. The findings are particularly
relevant to the fishing industry. Understanding
the relationship between tidal dynamics and Chl-a
concentrations can aid in predicting fish population
dynamics, leading to more efficient and sustainable
fishing practices.
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