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Abstract Tidal variations between three stations located in the Wouri estuary in Cameroon over a semi-decadal
period are examined to more accurately characterize tides in the area. A unified harmonic analysis method using
multiple software platforms allows for precise characterization of tidal components as well as more reliable long-
term prediction. The iteratively reweighted least squares method with a Cauchy weighting function ensures
resistance to outliers and increases the overall accuracy of the modeling. The models explain approximately 100% of
the total variance, demonstrating exceptional data reconstruction. The high spectral resolution, obtained through 68
constituents, allows for a detailed representation of the tide. The reliability of the results is reinforced by the use of
the Monte Carlo method to estimate confidence intervals, which are colored by a unitary Lambert Scargle
oversampling factor. Their narrowness indicates high precision in estimating amplitudes and phases. An automatic
adjustment is performed with a unitary minimal threshold without inclusion of trend and without application of pre-
filtering correction. Thus, the method effectively adapts to irregularly spaced data, characteristic of tidal
observations. Finally, the application of exact nodal and satellite corrections improves the accuracy of long-term
predictions, especially since the phase shift for the Greenwich constituent is determined from astronomical
arguments. Calculated residuals and statistical tools such as correlations allow for comparative analysis and
visualization of data in temporal and spatial domains. The prediction models are finally validated by statistical
analysis, and by comparison with real data acquired a posteriori and with other prediction sources such as SHOM.
The absence of inference reinforces the credibility of this validation, as the models are based on direct observations
rather than extrapolations. The results show better accuracy of our models and also that the tides for the three
stations have similar trends and patterns with strong correlation.
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long-term variations in tidal levels and
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1. Introduction

The Port Authority of Douala (PAD) in Cameroon is
subject to tidal variations due to its proximity to the
Atlantic Ocean. Sea level oscillations depend on several
frequencies that need to be accurately identified and
characterized. A harmonic analysis of the tide in the port
of Douala can help understand fluctuations in water levels
and currents, model them more effectively to make more
accurate and reliable predictions. Knowledge of tides is
crucial for navigation and port operations, infrastructure
planning, as well as for ensuring maritime safety and
managing risks. It also allows for the study of coastal
ecosystems and the prediction of extreme events, thus
optimizing port activities while protecting the
environment and ensuring the safety of coastal areas. The
results of harmonic analysis can also be used to study

between different tidal constituents, which can help better
understand tidal dynamics in the port of Douala. These
results can be scientifically interpreted in terms of sea
hydrodynamics and its response to tidal forcing and
provide parameters that can be mapped to describe the
tidal characteristics of the region and to verify the
performance of tide gauges [1]. This finds all its relevance
in the fact that the main challenges related to the use of
harmonic tidal analysis include the quality of collected
tidal data and the complexity of the method [2].

Recent studies of tides in the Wouri estuary are rare.
The technical report by Koutitonsky V. [3] presents the
installation of water level sensors and other oceanographic
sensors in the Wouri estuary to improve the environmental
monitoring system of the Port Authority of Douala. It
proposes recommendations on the type and position of
sensors needed for the system, as well as the development
of a hydrodynamic model to predict water levels in real
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time. Moreover, the methodology of hydrodynamic
modeling is not detailed and the results have not been
confirmed by independent observations or measurements.
The study by Onguene et al. [4] on the other hand, offers
an overview of tidal characteristics along the entire
Cameroonian coast, based on data collected from 2007 to
2012. It uses harmonic analysis and is mainly limited to
the identification of major constituents and their
amplitudes, focusing on the spatial distribution of tidal
patterns across different stations along the coast. In
addition, the study faces data gaps and uneven distribution
of measurement stations. Fossi et al. [5] offer a broad
historical perspective, dating back to the 19th century,
cover a wider field of study including sediment dynamics,
saline intrusion, impact on climate change, and develop a
3D hydro-sedimentary model. In contrast, in Fossi [6], the
author analyzes the evolution of water heights in the
estuary between 2002 and 2019 from data from three tide
stations, focusing on extreme tide levels and annual
averages to assess the impacts of sea level rise on coastal
erosion and sedimentation. However, the study is
exploratory in nature and is also based on discontinuous
data. The present study focuses specifically on the Wouri
estuary, targeting a more detailed and contextualized
analysis of local tidal dynamics. The use of advanced
harmonic analysis methods and the integration of multiple
sophisticated software also help to fill gaps and obtain
better temporal coverage, improving the accuracy of tide
predictions. From sea level measurements acquired
through radar tide gauges installed at stations SM2, SM3
and SM4, from January 1, 2018 to April 30, 2023, we
attempt to numerically determine, through a unified
analysis, the amplitudes and phases of the different
harmonic tidal components. A unified tidal analysis being
mainly motivated by the need to exploit a multi-year
sequence of observations and measurements collected at
irregularly spaced times [7]. By comparing the five-year
data from different stations, we try to identify tidal trends
and patterns that are common to all these stations, as well
as differences that may be related to local factors such as
topography or currents. This comparative study uses
statistical analysis, correlation analysis and regression
analysis to determine relationships between different
variables and achieve spatio-temporal visualization of
tidal variations. Many tidal prediction methods exist
including numerical models and statistical methods [8].
Classical tidal harmonic analysis, based on least squares
estimation, has been enriched by contributions from
Godin [9] with the grouping of constituents for close
frequencies, automated by Foreman and Henry [10], and
improved by Leffler and Jay [11] for better resistance to
broadband noise. Empirical and statistical methods, such
as the empirical correction of Hibbert et al. [12], the
Kalman filter of Yen et al. [13], and the ARMA model of
Kaloop et al. [14], offer flexible approaches to handle
irregular tidal data and perform short-term predictions.
Frequency estimation-based methods, including simple
[15] and multivariate [16] harmonic least squares
estimation, and the method of inaction [17], aim to
identify tidal frequencies without prior knowledge,

allowing for more detailed analysis in complex marine
environments.  Wavelet-based  methods, including
continuous wavelet transform [18] and applied by Guo et
al. [19], as well as wavelet decomposition for improving
prediction models proposed by Seo et al. [20], Meng et al.
[21] and Shiri et al., [22], offer powerful tools for
analyzing non-stationary and non-linear tidal signals.
Artificial intelligence methods include artificial neural
networks [23,24], genetic programming [25], machine
learning [26], and adaptive neuro-fuzzy inference system
(ANFIS) [27], offering advanced approaches to model
complex and non-linear relationships in tidal data. Despite
all these developments, several authors agree that
harmonic analysis allows for predicting tidal levels with
high accuracy [2,28,29,30,31].

2. Materials and Methods

2.1. The PAD tide Stations Network

Obtaining real-time tide gauge data and tide forecasts
are major challenges for the Dredging and Maritime
Logistics Department (DDLM) of PAD, for the Delegated
Dredging Authority (RDD) as well as for port activity in
general. Hence state-of-the-art equipment has been
installed on existing tide stations to send the signal to a
Production, Reception and Storage Center (CPRS) located
at the PAD hydrographic service, and to the hydrographic
survey boat M/V Hydro for real-time tide level acquisition.
An extension of this network was recently carried out to
increase the possibilities of oceanographic parameters in
tide stations by initially integrating wind data. The four
tide stations of the PAD Hydrographic Service are as
follows (Figure 1): SM1, offshore from the estuary mouth,
SM2 at the mouth of Moucouchou Bay, SM3 at the mouth
of Modeaca Bay and SM4 in front of the Port of Douala
[3]. The tide gauge data transmission and reception
network is a point-to-multipoint type network covering the
entire estuary. As station SM1 is not yet fully rehabilitated,
this network is therefore composed of the following active
nodes (Figure 2):

e The three tide stations SM2, SM3 and SM4 whose
core is a radar water level sensor with WIFI
telemetry, allowing acquisition, recording and real-
time remote data transmission. The system is rated
IP67 suitable for harsh environments.

e The hydrographic survey boat with WIFI telemetry
allowing real-time remote tide reception, recording
and integration into hydrography software. The
vessel can receive all stations.

e The CPRS reception hub which receives real-time
data from all stations via UHF WIFI telemetry
with the antenna on a high tower to improve
reception. This allows remote monitoring, data
extraction and exploitation as well as backup. The
network is coordinated at this node. Station
discrimination is performed by an identifier-based
multiple access system.
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Figure 1. Position of tide stations (SM) in the Wouri estuary and of the CPRS

Each station consists of a rectangular building housing
the water level measurement, acquisition and data
transmission modules. Solar panels installed above the
shelter coupled with a powerful battery and charge
controller ensure uninterrupted power supply to the
equipment (Figure 3 and Figure 4).

Figure 4. Electronic control box of a tide station and external radar
sensor under protection
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Figure 5. The CPRS: Receiving antenna for stations on a guyed tower
above the building and operations office inside

A UHF radio wave system allows real-time data
transmission to the CPRS. The stations are equipped with
radar sensors for water level measurement, offering an
accuracy of 3 mm. These sensors use pulse radar
technology to measure the distance between the sensor
and the water surface.

Figure 3. Presentation of tide stations SM2, SM3, and SM4
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2.1.1. Source Data

For all stations, we have an average of 37,380 tidal data
values. These data are irregularly sampled due to gaps,
with an average time interval of 1.3 hours, ranging from
1.2 to 5.4 hours for SM2, 1.2 to 4.7 hours for SM3, and
1.2 to 5.1 hours for SM4. The covered period extends over
5.33 years, from December 31, 2017, at 00:00 to April 30,
2023, at 23:55 (GMT+1).

2.1.2. Levelling Data for Tide Gauges

The reference point for the chart datum (CD) of each
tide station is located at the top of the stilling well inside
the station. The relevant data are presented in Table 1.

Table 1. Leveling data for tide gauges relative to chart datum (CD)

- Distance Distance .
Station (bsgtggf) Wellhead - Wellhead - Rggzzsgght
Radar CD
SM2 3,995 °N 2.763m 7.365m 4.602m
SM3 4,023 ° N 1.031m 5.270m 4.239m
SM4 4,061 ° N 1.273m 5.886m 4.613m

2.2. Methodology

2.2.1. Selection of Harmonic Analysis Software

Harmonic analysis software is based on a
decomposition of the tidal force potential developed by
Doodson [32]. The existing differences between these
software packages lie primarily in the definitions of
harmonic components and the number of elementary
waves considered in the analysis [33]. The package
developed by the University of Hawaii Sea Level Center
(UHSLC) has been used in the region. Others include
Tidalfit, TASK-2000 developed by the Permanent Service
for Mean Sea Level (PSMSL), the T_Tide package [34]
developed by Professor Pawlowitz of the University of
British Columbia [35], VAV [36], and U_Tide, which is
an evolution of T _Tide [37]. The nodal corrections
applied in T_Tide are designed such that they cannot be
used accurately for measurement sets of more than one
year. U_Tide uses nodal corrections that allow for multi-
year time series processing, hence its preference. Tidalfit
and UTide both rely on harmonic analysis and optimization
by the least squares method. However, in practice, we
observed that Tidalfit's nodal correction factors allow for
better reconstruction of data gaps, while UTide enables
more accurate tide predictions over additional multi-year

periods while providing a richer statistical analysis platform.

However, these software packages assume that the data
have been pre-processed, formatted, and filtered, and
therefore do not integrate these aspects of data exploitation.
As such, all pre-processing will be performed using the
MMDataProcessor software developed in our laboratories,
and the rest of the processing will utilize a complementary
combination of Tidalfit and UTide utilities.

2.2.2. Data Pre-processing

Data recorded continuously since 2018 for the stations
are often subject to problems related to malfunctions in
acquisition systems, transmission or reception, or external
interventions (maintenance, storms, floating objects, etc.).
These problems can take the form of jumps, gaps, or

spikes in water level recordings. Therefore, pre-filtering is
performed to eliminate outliers using MMDataProcessor
software, followed by data pre-processing in Matlab.
Time-stamped data are sorted and classified by unique,
uniformly increasing temporal labels. Small spikes and
gaps will be replaced by linear interpolation. Large gaps
will be filled using partial harmonic analysis.

2.2.3. Processing and Unified Analysis of Tidal
Time Series

Tidalfit and UTide software are used to calculate the
amplitudes and phases of different tidal components for
each station. With small data gaps and discrepancies
already interpolated, TidalFit software is utilized for initial
harmonic analysis and generation of a localized tidal
model to interpolate large data gaps and obtain complete
and clean time series. To avoid memory issues and
optimize numerical processing costs, data subsampling is
performed by decimation to hourly observations. The
hourly tidal data from TidalFit serve as inputs for UTide
tidal analysis software for final harmonic analysis and
calculation of parameters such as Mean Sea Level (MSL)
using the Demerliac filter, Lower Low Water (LLW),
Mean Lower Low Water (MLLW), Lowest Astronomical
Tide (LAT), and Highest Astronomical Tide (HAT).
Specifically, UTide will successively calculate tidal
coefficients, select constituents for harmonic prediction,
calculate nodal correction factors, astronomical constants
and arguments, calculate current ellipse parameters from
cosine-sine coefficients, compare calculated residual tides
using a tidal filter with residual tides calculated by
subtracting measured tides from harmonically predicted
tides, and compare astronomical prediction with measured
tide. The process concludes with a statistical evaluation,
notably the estimation of auto-spectral and cross-spectral
densities based on direct and cross Lomb-Scargle
periodograms, evaluation of auto-correlations, cross-
correlations, and regression analysis. The choice of an
Iteratively Reweighted Least Squares (IRLS) method with
a Cauchy weighting function is explained by the desire to
ensure resistance to outliers and increase the overall
precision of the modeling. The reliability of the results is
reinforced by the use of the Monte Carlo method to
estimate confidence intervals, which will be colored
through a unitary Lambert-Scargle oversampling factor.
An automatic adjustment is then performed with an
adequate minimal threshold, without trend inclusion and
without application of pre-filtering correction. Finally,
exact nodal and satellite corrections are applied, taking
into account the latitudes of the stations to significantly
improve the accuracy of long-term predictions, making
this approach particularly suitable for analyzing and
forecasting tides over long periods. The phase shift for the
Greenwich constituent is determined from astronomical
arguments, and no inference is made so that each
harmonic constituent is directly determined from the
observed data, thus reinforcing the reliability of the results.

2.2.4. Analytical Expression of the Tide

The general equation for the height h of the tide at any
time t can be harmonically represented by the formula
[28,35,38]
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h(t)=Ho+ X fiHjcosajt+(Vo +u). -k (D
h is the tide height at any time t, Hy is the height of the
mean water level above the used reference, H; is the mean
amplitude of any constituent with index i, f; is the
reduction factor of the mean amplitude H; for the
prediction year, w; represents the rate of phase change or
angular velocity of the constituent with index i
(degrees/hour), t is the time counted from an initial epoch
such as the beginning of the prediction year, V, is the
phase shift of the perturbing celestial body relative to the
Greenwich meridian, the quantity (Vo+u) represents the
value of the equilibrium argument of constituent A when
t=0, and finally k; is the epoch of the constituent with
index i. fi(t) and u;(t) are also called the nodal correction
factors in amplitude and phase for each component i of the
spectrum [2]. This approach allows for the integration of
the effects of nodal corrections, constituent inferences,
and astronomical arguments in the one-dimensional
analysis of tide gauge data. It can be further written as:
h(t)=Ho +Xi fiH;cosayt+{Vo +uj, —kj +h (t) @
The residual time series h,(t) is equal to the observed
data series h(t) minus the predicted time series created
using the n harmonic constants (H; and k;). It contains
non-tidal water level variations due to meteorological
effects such as wind, atmospheric pressure, and river
discharge, as well as tidal oscillations caused by harmonic
constants not included in the n resolvable constituents
used for prediction. [39]. Each cosine term in the equation
above is called a tidal constituent or component. The
products A; = f; H; are the amplitudes of the constituents
and are derived from observed tidal data. The argument of
the cosine is a uniformly varying angle, and its value at
any time is called its phase. The periods and
corresponding speeds of the constituents are derived from
astronomical data and are independent of the tide station
location. The quantities above, except for h and t, can be
considered constants for a particular year and location,
and when these constants are known, the value of h, or the
predicted tide height, can be calculated for any time value
t. By comparing successive values of h, the heights of
high and low waters, as well as the times of their
occurrence, can be approximately determined.

2.2.5. The Least Squares Method

The least squares method is employed to minimize the
residual difference between the data and an optimal tidal
prediction [40]. Considering a point with n temporal
instances, this involves minimizing the following cost
function:

3= (1t (1)) @

The quantity ¥2(m), (or J) or sum of squared residuals,
is a positive definite quadratic form. Its minimum is
calculated by differentiation.

grad) =grad x2(m) =0 (4)

For each tidal wave (component k), the following
system must be solved:

0 a

—=-2311 (h —ho (4 =0

ah% I—l(hll 0( I)) ahll_ (5)
aJ oJ

o5 (b —h(t)) =0

ahlg I—l(htl ( I)) ahlg

However, the analyzed time series must meet sampling
and duration criteria. For instance, two very close
frequencies will be difficult to separate. The minimum
recording or simulation duration T necessary to separate
two waves with frequencies f; and f, is given by the
Rayleigh criterion:

1
fi—f

T2

(6)

This relation expresses that two neighboring harmonic
components can only be separated if one has at least one
complete period more than the other over the temporal
extent of the data. Concurrently, if the temporal sampling
is insufficient, a loss of temporal information may occur.
This is the phenomenon of spectral folding or aliasing,
and the observed frequency is lower than the actual
frequency contained in the observed signal. This problem
arises when processing satellite observations.

2.2.6. Estimation of MSL

Any instantaneous sea level measurement in a series
can be considered as the sum of three components:

Observed Sea Level = MSL +Tide + Residuals ~ (7)

The more direct and economical method to remove tidal
energy and find the mean sea level is to use filtering [39].
One of the oldest and most widely used tidal filters is
Doodson's XO filter [41] with a duration of 39 hours (i.e.,
2&+1 = 39). Theoretically, the longer the vector a, of filter
coefficients, the more effective the tidal effect reduction
filter, but the more limited its application will be in the
case of tide gauge observations with gaps. Other low-pass
filters exist: the W25 filter, the Munk filter, the Godin
filter, and the Demerliac filter using respectively 25, 49,
and 71 hours [2]. The Demerliac filter [42], recommended
by the French Naval Hydrographic and Oceanographic
Service, SHOM [43], is a good compromise reducing less
non-tidal energy at subtidal frequencies than the Doodson
filter, and using a symmetric vector of 71 elements, hence
its preference here. Groves [44] used a method of
combining simple filters to produce many other tidal
filters. There are numerous papers on tidal filtering and
many opinions on which filters work best. Emery and
Thomson [45] have a good discussion on filtering and
seem to prefer the Butterworth filter. Various other filters
can be experimented, allowing optimization on various
high-order statistical parameters as well as on the
numerical cost of filtering [46].

2.2.7. Estimation of Low and High Water Times

This will consist of searching for local minima and
maxima in the time series. The exact value of t for high
and low water times will be the roots of the first derivative
of formula (1) equal to zero, which can be written as:
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dh :
E:—Zin:lai fiHiS|n(Zit+{V0 +U}i—ki =0 (8)

2.2.8. Key Statistical and Analysis Parameters

In addition to constituent amplitudes and phases,
harmonic analysis allows us to holistically examine other
parameters of interest such as their confidence intervals,
signal-to-noise ratios, and residual noise, as well as
statistical parameters like correlations. Constituent
amplitudes measure the intensity of water height variation
due to each constituent. Higher amplitudes indicate a
greater impact on the tide. Constituent phases, conversely,
measure the advance or delay of water height variation
due to each constituent relative to a common reference.
Higher phases indicate a greater delay relative to the
reference. The precision of these parameter estimates is
provided by their confidence intervals. Narrower
confidence intervals indicate more precise estimates.
Furthermore, the signal-to-noise ratio (SNR) measures the
quality of the tidal signal relative to noise that may be due
to meteorological, oceanographic, or instrumental factors.
Higher SNR indicates a clearer and more easily analyzable
signal. Finally, the root mean square error (RMSE)
measures the difference between observed values and
those predicted by the harmonic model. Lower RMSE
indicates a model better fitted to the data. As with other
physical phenomena and signals that recur over time, such
as fading in mobile radio communications, it is also
appropriate for better statistical characterization of tides at
target stations to employ second-order statistical
parameters such as correlation and plot correlograms [47].
Autocorrelation is an index to evaluate the repetitive
nature of the tide and the auto correlogram can hence
reflect regularities and repeated patterns in the tidal signal
while allowing detection of cycles or periodicities in tidal
variations, even in the presence of noise or disturbances.
This can also help understand how tidal heights evolve
over time and predict future tides based on historical data.
Examination of cross-correlograms of tide stations in pairs
allows determination of time lags where data series
become uncorrelated. At these specific lags, there is no
longer a significant linear relationship between tidal
measurements from the two stations, and tidal variations
recorded by one station can no longer be predictive of
variations recorded by the other. This information is
particularly important in tidal data analysis as it can
indicate a limit in the coherence of tidal models between
two stations, and reflect the influence of local factors that
disrupt their correlation. This can be used to improve tidal
prediction models by accounting for site-specific
characteristics. To achieve good precision in detecting
tidal components, the analysis must be performed on a
signal sampled over a sufficient time period, minimum
29.5 days, corresponding to a lunar month. The longer the
measurement period, the more representative the results
will be of tidal components. Generally, 19 years of
measurements allow for optimal analysis, but as it is very
rare to have quality tide gauge data over such a long
period, one year of measurement is required to have good
precision of harmonic components and for satisfactory
prediction quality for navigation needs. However, when
the tidal wave has progressed over shallow depths over

large distances, as is the case in the Wouri estuary,
calculation of certain harmonic components, resulting
from non-linear interactions, requires more than four years
of observations [2]. Hence our choice to base our study on
semi-decadal data sampled every five minutes. Harmonic
prediction is accomplished by combining elementary
constituents according to astronomical relationships
prevailing at the time predictions are made.
- Reconstruction Quality Parameters

These parameters include the mean error, variance,
standard deviation, minimum value of R Rmin, the
weighting factor K, the overall signal-to-noise ratio, the
total variance explained by all constituents TVallc, the
model's signal-to-noise ratio TVsnrc, the gross total
variance TVraw, the percentage of total variance explained
by the model PTVallc, and finally the percentage of total
variance of the signal-to-noise ratio PTVsnrc. They are
calculated according to the formulas proposed by Codiga
et al. [37]. Correlations are also included.
- Correlations

The autocorrelation function depends on the lag t and
the autocorrelation coefficient of order z, r, for tidal data,
where the components have amplitudes A; and phases g;,
can be expressed as follows:

. 2 A cos(gi (7)-gi (0))
’ X A

This formula is used to evaluate the similarity between
tidal components at different time intervals and is
particularly useful for identifying periodic patterns and
temporal dependencies. The most important of the r, is r;.
In the case of studying multiple tide stations, correlations
between stations are calculated from the complex
coefficients of the constituents, using the following
formula:

9

. YA Asi Cos(gvi - ggi)
vé =
\/ S AT A

where r, is the correlation coefficient between stations v
and & n is the number of constituents, A,; and g,; are
respectively the amplitude and phase of constituent i for
station v.

(10)

2.2.9. Monte Carlo Method for Estimating Confidence
Intervals

It relies on a combination of harmonic regression,
covariance matrix calculation, random sample generation,
and quantile determination. Residuals are calculated by
the formula:

and the variance of residuals by
2 1 M2
o :M——[).Zj:lfj (12)

M is the total number of observations or data points and
p is the number of estimated parameters. For tide station v,
the covariance matrix of regression coefficients can be
estimated from the least squares matrix:
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cov(B,) = o2(XI'x,)™? (13)

Where B, is the vector of parameters estimated by
harmonic regression, X, is the matrix containing the
cosines and sines of frequencies. The diagonal elements of
the covariance matrix allow calculation of the variances of
amplitudes and phases of constituents. Random samples
of model parameters using their estimated distribution,
based on parameter covariance, are repeatedly generated
to obtain an empirical distribution of parameters.

By ~ N(ﬁw COU([?V) (14)

ﬁ: is the vector of parameter samples. From the

generated samples, confidence intervals can be calculated
using the quantiles of the sample distribution. For a 95%
confidence interval, quantiles can be determined as
follows:

Cgs06 =[ Q2596+ Qo7.5%,y | (15)

where Q. represents the u"

samples for station v.

quantile of simulated

3. Results

3.1. Tidal Models and Reconstruction

The harmonic analysis allowed for each station to
determine the main components which are waves. The
most important of which have semi-diurnal and diurnal
periodicities. The obtained models comprise 68
constituents (Table 2) that allow for a detailed
representation of the various tidal components, thereby
improving the precision of the reconstruction. The table
includes the name or symbol of the tidal constituent, the
amplitude of the constituent A in meters, the confidence
interval of the amplitude A, the phase of the constituent g
in degrees, the confidence interval of the phase g, the
type of tide, the period T in hours, the origin of the
constituent, and its description.

These columns provide essential information to
characterize each harmonic tidal constituent identified at
the stations, including its amplitude, phase, period, and
other relevant details. Figure 6 to Figure 8 present the
reconstruction of tidal levels for the stations, based on the
results of the harmonic analysis. They show a comparison
between the observed tidal levels (upper curves) and those
reconstructed by the harmonic model (lower curves) over
the same period. It is readily observable that the
reconstruction has eliminated both minor and major data
gaps and accurately reconstituted the tide. These figures
thus illustrate the efficiency of the harmonic models, and
particularly the method employed, in reproducing the
observed tidal variations at the stations.
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Figure 6. Tidal Reconstruction for SM2 Using Harmonic Analysis Results a) Measured tide and b) Reconstructed tide with MSL
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Figure 8. Tidal Reconstruction for SM4 Using Harmonic Analysis Results a) Measured tide and b) Reconstructed tide with MSL

Table 2. Tidal Constituents for the various stations (For the type, D=Diurnal and L-P= Long Period, Origin M=Moon, S=Sun, T is the period in

hours)
SM2 SM3 SM4
Name | A(Mm) | Ad(m) (9) ?) Am) | Aq(m) (E‘) ?) Am) | Ag(m) (E‘) 0 () | T() | Type | Origin
M2 | 0.7210 | 0.00047 | 151 | 0.040 | 0.7650 | 0.00069 | 161 | 0.052 | 0.8020 | 0.00078 | 173 | 0.049 | 12.42 | 1/2-D M
S2 | 0.2310 | 0.00046 | 188 | 0.117 | 0.2410 | 0.00071 | 203 | 0.152 | 0.2430 | 0.00083 | 219 | 0.201 | 12.00 | 1/2-D s
K1 | 0.1360 | 0.00014 | 19.7 | 0.060 | 0.1370 | 0.00014 | 27 | 0.055 | 0.1370 | 0.00013 | 34 | 0.068 | 23.93 D M&S
N2 | 0.1350 | 0.00043 | 147 | 0.182 | 0.1430 | 0.00056 | 162 | 0.260 | 0.1440 | 0.00081 | 176 | 0.362 | 12.66 | 1/2-D M
HER | 0.0672 | 0.00001 | 276 | 0.008 | 0.0754 | 0.00001 | 282 | 0.010 | 0.0829 | 0.00001 | 284 | 0.008 | 8766 | L-P M
K2 | 0.0598 | 0.00046 | 181 | 0.452 | 0.0634 | 0.00068 | 196 | 0.650 | 0.0625 | 0.00077 | 210 | 0.654 | 11.97 | 12D | M&S
PL | 0.0395 | 0.00012 | 14.7 | 0.206 | 0.0373 | 0.00012 | 18 | 0.232 | 0.0364 | 0.00013 | 25 | 0.199 | 24.07 D s
M4 | 0.0376 | 0.00002 | 93.3 | 0.032 | 0.0712 | 0.00003 | 164 | 0.027 | 0.0993 | 0.00005 | 197 | 0.026 | 6.21 | 1/4-D M
SSA | 0.0356 | 0.00001 | 23.8 | 0.015 | 0.0386 | 0.00001 | 11 | 0.016 | 0.0438 | 0.00001 | 357 | 0.017 | 4383 | L-P s
L2 | 0.0304 | 0.00043 | 150 | 0.780 | 0.0427 | 0.00065 | 145 | 0.855 | 0.0526 | 0.00077 | 152 | 0.837 | 12.19 | 1/2-D M
NU2 | 0.0262 | 0.00038 | 136 | 0.970 | 0.0255 | 0.00069 | 142 | 1.310 | 0.0283 | 0.00095 | 140 | 1.560 | 12.63 | 1/2-D M
Ol | 0.0257 | 0.00015 | 340 | 0.296 | 0.0199 | 0.00014 | 348 | 0.419 | 0.0142 | 0.00014 | 354 | 0536 | 25.82 D M
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2N2 | 0.0247 | 0.00043 | 134 | 1.120 | 0.0241 | 0.00070 | 152 | 1.680 | 0.0259 | 0.00074 | 167 | 1.670 | 12.35 | 1/2-D M
MF 0.0243 | 0.00001 | 10.9 | 0.022 | 0.0288 | 0.00001 | 11 | 0.023 | 0.0323 | 0.00001 | 21 | 0.017 | 327.86 L-P M
S1 0.0217 | 0.00015 | 0.64 | 0.266 | 0.0294 | 0.00013 | 345 | 0.266 | 0.0375 | 0.00014 | 338 | 0.238 | 24.00 D S
MS4 | 0.0165 | 0.00002 | 159 | 0.073 | 0.0490 | 0.00003 | 224 | 0.047 | 0.0632 | 0.00004 | 256 | 0.043 | 6.10 1/4-D | M&S
MN4 0.0155 | 0.00002 | 43.1 | 0.067 | 0.0168 | 0.00003 | 148 | 0.111 | 0.0249 | 0.00005 | 187 | 0.115 6.27 1/4-D M
MU2 | 0.0143 | 0.00045 | 205 | 1.710 | 0.0379 | 0.00072 | 232 | 0.893 | 0.0624 | 0.00079 | 250 | 0.769 | 12.87 | 1/2-D M
LDA2 | 0.0134 | 0.00044 | 158 | 1.990 | 0.0200 | 0.00071 | 154 | 1.910 | 0.0250 | 0.00087 | 173 | 1.680 | 12.42 1/2-D M
T2 0.0117 | 0.00048 | 208 | 2.280 | 0.0151 | 0.00064 | 215 | 2.350 | 0.0177 | 0.00088 | 224 | 2.630 | 12.00 1/2-D S
M.M. | 0.0114 | 0.00001 | 351 | 0.046 | 0.0297 | 0.00001 | 8.4 | 0.022 | 0.0413 | 0.00001 | 10 | 0.018 | 661.31 L-P M
M6 0.0104 | 0.00004 | 22.7 | 0.234 | 0.0050 | 0.00004 | 102 | 0.471 | 0.0105 | 0.00005 | 222 | 0.326 4,14 1/6-D M
MO3 | 0.0081 | 0.00002 | 127 | 0.168 | 0.0134 | 0.00003 | 111 | 0.116 | 0.0202 | 0.00003 | 124 | 0.088 | 8.28 1/3-D M
MSF | 0.0078 | 0.00001 | 44.4 | 0.071 | 0.0280 | 0.00001 | 26 | 0.026 | 0.0445 | 0.00001 | 32 | 0.015 | 354.37 L-P M&S
D1 0.0064 | 0.00013 | 44.6 | 1.170 | 0.0073 | 0.00015 | 64 | 1.250 | 0.0082 | 0.00013 | 79 | 0.888 | 23.10 D M
001 | 0.0055 | 0.00015 | 95.5 | 1.350 | 0.0065 | 0.00014 | 105 | 1.110 | 0.0057 | 0.00013 | 116 | 1.460 | 22.31 D M
M3 0.0047 | 0.00003 | 272 | 0.309 | 0.0065 | 0.00003 | 308 | 0.211 | 0.0094 | 0.00003 | 328 | 0.177 8.28 1/3-D M
R2 0.0045 | 0.00041 | 209 | 5.680 | 0.0064 | 0.00058 | 225 | 5.560 | 0.0072 | 0.00082 | 201 | 7.080 | 12.00 1/2-D S
MK3 | 0.0041 | 0.00003 | 313 | 0.418 | 0.0127 | 0.00003 | 33 | 0.112 | 0.0195 | 0.00003 | 54 | 0.101 | 8.18 1/3-D | M&S
Q1 0.0034 | 0.00012 | 153 | 2.050 | 0.0064 | 0.00015 | 145 | 1.120 | 0.0070 | 0.00014 | 162 | 1.150 | 22.31 D M
2Q1 | 0.0019 | 0.00014 | 88.5 | 3.760 | 0.0012 | 0.00015 | 140 | 7.230 | 0.0020 | 0.00015 | 158 | 4.140 | 28.80 D M
s4 0.0016 | 0.00002 | 306 | 0.652 | 0.0094 | 0.00003 | 312 | 0.185 | 0.0104 | 0.00004 | 346 | 0.228 | 6.00 1/4-D S
NO1 0.0014 | 0.00014 | 331 | 5.610 | 0.0015 | 0.00014 | 18 | 5.820 | 0.0019 | 0.00013 | 66 | 4.200 | 25.82 D M
H1 0.0009 | 0.00044 | 12.4 | 28.80 | 0.0010 | 0.00063 | 22 | 40.5 | 0.0010 | 0.00082 | 33 | 42.30 | 24.07 D S
RHO1 | 0.0008 | 0.00012 | 150 | 10.20 | 0.0021 | 0.00013 | 153 | 3.930 | 0.0030 | 0.00013 | 149 | 2.840 | 26.72 D M
2SK5 | 0.0008 | 0.00002 | 177 1.45 | 0.0008 | 0.00002 | 200 | 1.050 | 0.0008 | 0.00002 | 233 | 1.080 4.82 1/8-D S
PSI1 | 0.0006 | 0.00015 | 156 | 14.50 | 0.0006 | 0.00015 | 162 | 11.8 | 0.0006 | 0.00014 | 169 | 11.1 | 23.93 D M
2SM6 | 0.0005 | 0.00004 | 146 4.69 | 0.0007 | 0.00004 | 178 | 2.820 | 0.0007 | 0.00006 | 225 | 4.550 4,10 1/6-D M&S
MKS2 | 0.0005 | 0.00048 | 182 | 59.80 | 0.0005 | 0.00049 | 195 | 67.5 | 0.0006 | 0.00058 | 210 | 108.0 | 11.97 | 1/2-D | M&S
M8 0.0004 | 0.00000 | 204 | 0.559 | 0.0025 | 0.00000 | 172 | 0.096 | 0.0034 | 0.00001 | 192 | 0.092 | 3.11 1/8-D M
H2 0.0003 | 0.00042 | 110 77.3 | 0.0004 | 0.00047 | 117 | 106.0 | 0.0004 | 0.00054 | 127 | 97.1 12.00 1/2-D S
ETA2 | 0.0003 | 0.00039 | 141 | 80.5 | 0.0002 | 0.00048 | 152 | 146.0 | 0.0002 | 0.00061 | 166 | 158.0 | 12.63 | 1/2-D M
GAM2 | 0.0002 | 0.00036 | 360 | 398.0 | 0.0002 | 0.00047 | 6.4 | 345.0 | 0.0002 | 0.00059 | 24 | 293.0 | 12.66 1/2-D M
PI1 0.0002 | 0.00015 | 271 49.8 | 0.0002 | 0.00013 | 278 | 38.4 | 0.0002 | 0.00014 | 286 | 40.3 24.00 D M
2MK6 | 0.0002 | 0.00004 | 161 | 17.0 | 0.0002 | 0.00004 | 159 | 12.9 | 0.0002 | 0.00005 | 188 | 21.6 414 1/6-D | M&S
TAU1 | 0.0001 | 0.00014 | 26.8 | 57.7 | 0.0001 | 0.00014 | 31 97.7 | 0.0001 | 0.00012 | 31 | 105.0 | 24.07 D M
MK4 | 0.0001 | 0.00002 | 78.7 | 8.7 | 0.0001 | 0.00003 | 136 | 19.7 | 0.0001 | 0.00005 | 174 | 26.0 6.21 1/4-D | M&S
UPS1 | 0.0001 | 0.00013 | 151 | 67.2 | 0.0001 | 0.00012 | 165 | 93.0 | 0.0001 | 0.00011 | 182 | 115.0 | 23.93 D M
2MK5 | 0.0001 | 0.00002 | 71.5 | 11.3 | 0.0000 | 0.00002 | 104 | 24.2 | 0.0000 | 0.00001 | 68 | 141.0 4.82 1/8-D M&S
0Q2 | 0.0001 | 0.00029 | 27.8 | 263.0 | 0.0001 | 0.00048 | 48 | 261.0 | 0.0001 | 0.00053 | 61 | 317.0 | 12.19 | 1/2-D M
THE1 | 0.0001 | 0.00011 | 74.6 | 92.7 | 0.0001 | 0.00011 | 75 92.7 | 0.0001 | 0.00013 | 83 64.6 23.10 D M
BET1 | 0.0001 | 0.00012 | 66.1 | 97.5 | 0.0001 | 0.00012 | 66 97.5 | 0.0001 | 0.00011 | 135 | 98.5 23.10 D M
PHI1 | 0.0001 | 0.00010 | 243 | 120.0 | 0.0001 | 0.00010 | 243 | 120.0 | 0.0001 | 0.00011 | 271 | 119.0 | 23.93 D M
MSN2 | 0.0000 | 0.00025 | 49.2 | 252.0 | 0.0000 | 0.00025 | 49 | 252.0 | 0.0001 | 0.00064 | 19 | 290.0 | 12.87 1/2-D M&S
SIG1 | 0.0000 | 0.00012 | 37.8 | 217.0 | 0.0000 | 0.00012 | 38 | 217.0 | 0.0000 | 0.00010 | 123 | 214.0 | 24.07 D M
SO1 | 0.0000 | 0.00008 | 246 | 179.0 | 0.0000 | 0.00008 | 246 | 179.0 | 0.0000 | 0.00009 | 256 | 150.0 | 24.00 D M&S
2MS6 | 0.0000 | 0.00004 | 132 73.1 | 0.0000 | 0.00004 | 132 | 73.1 | 0.0001 | 0.00005 | 290 | 33.8 4,10 1/6-D M&S
MSK6 | 0.0000 | 0.00004 | 328 | 102.0 | 0.0000 | 0.00004 | 328 | 102.0 | 0.0001 | 0.00006 | 120 | 64.5 414 1/6-D | M&S
EPS2 | 0.0000 | 0.00032 | 272 | 260.0 | 0.0000 | 0.00032 | 272 | 260.0 | 0.0001 | 0.00053 | 308 | 257.0 | 12.35 1/2-D M
SO3 0.0000 | 0.00003 | 179 45.0 | 0.0000 | 0.00003 | 179 | 45.0 | 0.0000 | 0.00003 | 316 | 43.0 8.10 1/3-D M&S
CHI1 | 0.0000 | 0.00009 | 131 | 187.0 | 0.0000 | 0.00009 | 131 | 187.0 | 0.0000 | 0.00009 | 233 | 153.0 | 25.82 D M
SK3 0.0000 | 0.00002 | 331 69.5 | 0.0000 | 0.00002 | 331 | 69.5 | 0.0000 | 0.00003 | 22 | 207.0 8.00 1/3-D M&S
SN4 | 0.0000 | 0.00002 | 5.94 | 89.8 | 0.0000 | 0.00002 | 5.9 | 89.8 | 0.0000 | 0.00004 | 77 | 82.4 6.27 1/4-D | M&S
2MN6 | 0.0000 | 0.00003 | 306 | 136.0 | 0.0000 | 0.00003 | 306 | 136.0 | 0.0000 | 0.00004 | 68 | 127.0 | 4.27 1/6-D M
MSM | 0.0000 | 0.00001 | 284 52.2 | 0.0000 | 0.00001 | 284 | 52.2 | 0.0000 | 0.00001 | 183 | 34.4 | 661.31 L-P M&S
SK4 | 0.0000 | 0.00001 | 221 | 113.0 | 0.0000 | 0.00001 | 221 | 113.0 | 0.0000 | 0.00004 | 222 | 90.6 6.00 1/4-D | M&S
ALP1 | 0.0000 | 0.00010 | 72.9 | 279.0 | 0.0000 | 0.00010 | 73 | 279.0 | 0.0000 | 0.00009 | 151 | 188.0 | 26.87 D M
3MK7 | 0.0000 | 0.00000 | 290 29.7 | 0.0000 | 0.00000 | 290 | 29.7 | 0.0000 | 0.00000 | 285 | 20.7 3.49 1/7-D M&S
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4. Analysis and Discussions

4.1. Constituents Amplitudes and Phases

The constituents representing the tidal model for each
station are listed and detailed in Table 2. The principal
tidal constituent for stations SM2, SM3, and SM4 is M2,
the principal lunar semi-diurnal tide, with amplitudes of
0.721m, 0.765m, 0.802m and phases of 151°, 161°, 173°
respectively. The intermediate amplitudes and phases of
SM3 between those of SM2 and SM4 indicate an
intermediate geographical and temporal position, with a
stronger M2 tide at SM4. The SSA constituent,
representing the principal solar annual tide, has the
smallest amplitude at SM3 (0.0386m), suggesting a
weaker tide at this station. The S2 constituent,
corresponding to the principal solar semi-diurnal tide,
presents amplitudes of 0.231m, 0.241m, and 0.243m and
phases of 188°, 203°, and 219° for SM2, SM3, and SM4
respectively, indicating a similar but slightly stronger
solar influence at SM4.

Other important semi-diurnal constituents of SM2 (K2,
N2, L2, etc.) have amplitudes ranging from 0.0117m to
0.0598m and phases from 93.3° to 209°, reflecting
interactions between M2 and S2 as well as effects of the
lunar orbit and ecliptic. The amplitudes and phases of
these constituents are similar for SM3 and SM4, except
for M4 at SM3 and MU2 at SM4, which show variations
due to specific interactions and local topography.
Important diurnal constituents of SM2 (K1, P1, O1, etc.)
have amplitudes from 8.28x10°m to 0.136m and phases
from 12.4° to 340°, influenced by Earth's rotation and
both lunar and solar declination. The amplitudes and
phases of diurnal constituents are similar for SM3 and
SM4, except for K1, which has a higher phase at SM3
(26.9°) and lower at SM4 (34.1°), likely due to longitude
differences. Long-period constituents (SA, SSA, MF, etc.)
at SM2 have amplitudes from 0.000186m to 0.06720m
and phases from 10.9° to 360°, related to seasonal and
annual variations. The amplitudes and phases of these
constituents are similar for SM3 and SM4, indicating low
sensitivity to local variations. MO3 has a lower amplitude
at SM3 (0.01340m) than at SM2 (0.00810m), suggesting a
more attenuated lunar tri-diurnal tide at SM3. Important
non-linear constituents of SM2 (M4, MS4, MN4, etc.)
have amplitudes from 1.12 x10°m to 0.0376m and phases
from 5.94° to 328°, influenced by interactions between
linear constituents and effects of bathymetry and
resonance. The amplitudes and phases of these
constituents vary for SM3 and SM4, indicating a strong
influence of local conditions. For example, MS4 has
higher amplitudes at SM3 and SM4 (0.0490m and
0.0632m) than at SM2 (0.0165m), and M4 is more
amplified at SM4 (0.0993m) than at SM2 (0.0376m). The
semi-diurnal constituents M2 and S2, as well as the
diurnal constituents K1 and O1, have the largest
amplitudes in all three stations, which is typical for many
coastal environments. The amplitude hierarchy is M2 >
S2 > K1 > 01, with M2 having a significantly higher
amplitude than other constituents. The amplitudes and
phases of the main constituents are relatively consistent
across the three stations, indicating similar tidal
propagation in the estuary. Regarding spatial variations,

slight differences in amplitudes and phases between
stations are observed, which may reflect local effects of
bathymetry and estuary geometry. For instance, the
intermediate amplitude and phase of SM3 between those
of stations SM2 and SM4 indicate that station SM3 is
located between the other two stations geographically and
temporally. Generally, the differences attest to the time lag
between the three stations and that the principal lunar
semi-diurnal tide is stronger at SM4 than at SM2 and SM3.
Minor constituents including higher-order constituents and
shallow water constituents generally have lower
amplitudes but can play an important role in the detailed
shape of the tide. The phases of the main constituents also
show a coherent progression between stations, which is
indicative of the propagation of the tidal wave in the
estuary. This analysis shows that the tide in the Wouri
estuary is primarily semi-diurnal with significant diurnal
influence, and that tidal characteristics are relatively
consistent between the three stations while presenting
subtle spatial variations.

4.2. Confidence Intervals

The analysis of confidence intervals (Table 2) shows
that they (A.; for amplitude and g.; for phase) are generally
very narrow for most major constituents in all three
stations. This indicates high precision in the estimation of
amplitudes and phases. The principal semi-diurnal (M2,
S2) and diurnal (K1, O1) constituents present particularly
narrow confidence intervals (CI), suggesting high
reliability in their estimation. For example, the M2
constituent has a confidence interval of 0.000474m for
amplitude and 0.0396° for phase at station SM2. A
consistency in the narrowness of Cls is observed between
the three stations for major constituents, indicating good
overall data quality and analysis. Lower amplitude
constituents tend to have relatively wider confidence
intervals, which is normal given their lesser contribution
to the total signal. For instance, constituents K2, MU2, L2,
MSF, SSA, MM, MF, NU2, 2N2, LDA2, 01, M6, S4, M3,
J1, Q1, and OO1 have wider confidence intervals at SM3
than at SM2 and SM4. This means that the parameter
estimates for these constituents are less precise and less
reliable at SM3 than at the other stations. Regarding
overall precision, the general narrowness of confidence
intervals (Cls) for most constituents across all three
stations suggests that the harmonic analysis method
employed (IRLS with Cauchy weighting function and
Monte Carlo method) was highly effective in producing
accurate estimates.

4.3. Correlograms

Figure 9 displays the auto correlograms of the time
series associated with each tide gauge. The series exhibit a
high degree of autocorrelation between adjacent tidal
observations. Moreover, the shape of the correlograms
shows a single recall to zero. This confirms the non-
random nature of the underlying time series. Figure 10 and
Table 3 present the first-order correlation coefficients
obtained for the three stations. All converge to 1 at the
origin. Furthermore, the curves are all positive, and the
slow decrease of the correlation coefficient from the value
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1 at the origin towards zero as the lag increases denotes
data persistence. The correlograms also exhibit different
peaks, even though they have similar periodicities,
indicating a slightly different manifestation of the tide
depending on the geographical position of the stations.
The three stations present similar autocorrelations,
confirming periodicity and concordance between stations.
The decorrelation time, which indicates the duration over
which tidal data are statistically linked, is approximately a
quarter of a period for all three stations, or 3 hours (more
precisely 2 hours and 59 minutes for SM2 and SM3, and 3
hours and 05 minutes for SM4) (See Figure 9). This may
prove useful in understanding the dynamics and for
predictive modeling of tides in the region.

The correlations between stations are given in Table 3
and (Figure 10.a). They are also similar, with the strongest
observed between SM2 and SM3 and the second strongest
between SM3 and SM4. At first glance, the observation of
SM2 and SM3 suggests that SM3 is out of phase with the
other two stations, but the cross-correlation between SM3
and SM4 eliminates this presumption. The same
observation challenges a constant offset of one station
from the others. The time lags at which the tidal data
series become uncorrelated are almost similar for the
SM2-SM3 and SM3-SM4 pairs (1 hour and 24 minutes
and 1 hour and 26 minutes respectively) and slightly
higher for the SM2-SM4 pair (1 hour and 34 minutes)
(Figure 10.b). Overall, after an hour and a half, there is no
longer a significant linear relationship between tidal
measurements from the stations, and tidal variations
recorded for one station can hardly be predictive of
variations recorded by either of the other two stations.
These high correlations confirm the spatial coherence
between stations and the similarity of tidal characteristics
in the estuary.

Table 3. First-order cross-correlation coefficients between stations

Station Correlation
SM2 and SM3 0.976
SM2 and SM4 0.904
SM3 and SM4 0.973
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Figure 10. Cross-correlations between tide stations a) Bar view and b)
Graph

4.4. Diagnostics Tables and Graphs

4.4.1. Diagnostics Tables

Examination of the diagnostic table data (Table 4,
Table 5, and Table 6) reveals that the M2 component has
the highest percentage of energy (PE) (>81%) and the
highest signal-to-noise ratio (SNR) (>4x10° across all
stations. This elevated SNR suggests that the M2
estimation is highly precise. Furthermore, the S2, K1, N2,
and SA components are also present in the upper quartile
for all stations, although their order varies. This indicates
that these components are the most significant in these
three stations. Additionally, only constituents with
sufficiently high SNRs (SNR>2 dB) were retained in the
final analysis. The low-frequency (IoONAME) and high-
frequency (hiNAME) constituents correspond to the
neighboring frequencies (lower and upper) of the principal
frequency. For illustration, M2 has H1 and H2 as its lower
and upper components, which are components with
frequencies slightly lower and higher than that of M2. The
Rayleigh Ratios for the lower and upper components
(IoRR, hiRR) measure the sensitivity of the amplitude and
phase of the principal component to variations in
neighboring frequencies. High ratios indicate precise
separation and analysis of each constituent's contribution
to the overall tidal signal.

The M2 component has response ratios of 5.3 for H1
and H2, indicating low sensitivity to variations in these
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components. The noise-modified variants of the Rayleigh
ratios, or noise ratios of the lower and upper components
(IoRNM, hiRNM), measure the variability of the principal
component's amplitude and phase due to noise from
neighboring frequencies. Higher RNM values indicate
greater variability of the principal component. For
example, M2 has noise ratios of 7.06 x10%for H1 and H2,
signifying low variability due to these components. The
maximum correlations of the lower and upper components
(loCorMx, hiCorMx) measure the degree of linear
relationship between the amplitude and phase of the

principal component and those of neighboring frequencies.

High correlation between parameters may indicate
multicollinearity issues that could affect the stability and
reliability of model parameter estimates. Higher CorMx
values indicate stronger relationships. For instance, M2
has maximum correlations of 0.04 for H1 and H2,
indicating a weak relationship with these components. For

all three stations, the M2 constituent is predominant,
representing 81.75% of the total energy for SM2, 82.12%
for SM3, and 81.75% for SM4, with respective signal-to-
noise ratios (SNR) of 4.10x10°, 4.70x10°, and 4.10x10°.

The correlation matrices for low and high frequencies
exhibit low values for M2 across all stations, indicating
minimal multicollinearity and good independence of
constituents. The Rayleigh ratios for M2 are similar,
ensuring effective frequency separation. Constituents S2
and K1 also demonstrate notable contributions across the
three stations, with comparable energy percentages and
SNRs. However, SM3 slightly distinguishes itself with a
higher energy contribution from S2 (8.17%) compared to
SM2 (7.50%) and SM4 (7.50%). Overall, these
diagnostics underscore the significance of M2 in tidal
modeling and the stability of the models employed for all
three stations.

Table 4. Summary of diagnostics for station SM2

No Const. PE SNR lIoNAME IoRR IoRNM loCorMx hiNAME hiRR hiRNM hiCorMx
1 M2 81.75% 4100000 H1 5.3 7600.0 0.042 H2 53 7600.0 0.04
2 S2 7.50% 330000 T2 5.3 2200.0 0.04 R2 5.3 2200.0 0.041
3 N2 2.63% 120000 MU2 61.0 17000.0 0.003 NU2 9.5 2400.0 0.032
4 K1 2.37% 4300000 S1 5.3 8000.0 0.038 PSI1 53 7800.0 0.038
5 M4 1.25% 18000000 MN4 71.0 220000.0 0.0069 SN4 61.0 180000.0 0.0031
6 SA 0.87% 170000000 none SSA 53 58000.0 0.048
7 MS4 0.51% 7600000 SN4 71.0 140000.0 0.0069 MK4 11.0 21000.0 0.018
8 K2 0.50% 25000 R2 5.3 600.0 0.042 MSN2 60.0 6800.0 0.0019
9 MuU2 0.49% 24000 2N2 9.5 1100.0 0.031 N2 61.0 17000.0 0.003
10 L2 0.35% 18000 LDA2 9.5 970.0 0.034 T2 56.0 5500.0 0.0031
11 MSF 0.25% 44000000 MM 61.0 410000.0 0.0042 MF 11.0 63000.0 0.019
12 SSA 0.24% 63000000 SA 5.3 58000.0 0.048 MSM 51.0 280000.0 0.013
13 MM 0.22% 47000000 MSM 9.5 46000.0 0.033 MSF 61.0 410000.0 0.0042
14 S1 0.18% 290000 P1 5.3 2900.0 0.046 K1 53 8000.0 0.038
15 P1 0.17% 290000 P11 5.3 2000.0 0.04 S1 53 2900.0 0.046
16 MF 0.13% 26000000 MSF 11.0 63000.0 0.019 ALP1 1500.0 | 5300000.0 0.00032
17 NU2 0.10% 3400 N2 9.5 2400.0 0.032 GAM2 52.0 2100.0 0.0042
18 2N2 0.09% 4700 EPS2 61.0 3000.0 0.003 MU2 9.5 1100.0 0.031
19 LDA2 0.08% 3200 MKS2 51.0 2000.0 0.008 L2 9.5 970.0 0.034

20 MN4 0.08% 1100000 SK3 1600.0 1200000.0 0.00036 M4 71.0 220000.0 0.0069

21 MO3 0.05% 1400000 ETA2 1600.0 1300000.0 0.00085 M3 71.0 65000.0 0.011

22 MK3 0.05% 1400000 SO3 11.0 8900.0 0.019 SK3 130.0 110000.0 0.0036

23 T2 0.04% 1600 L2 56.0 5500.0 0.0031 S2 53 2200.0 0.04

24 01 0.03% 38000 RHO1 61.0 8600.0 0.0033 TAUL 11.0 1500.0 0.016

25 M6 0.01% 160000 2MN6 71.0 20000.0 0.0061 2MS6 130.0 38000.0 0.0027

26 sS4 0.01% 210000 MK4 120.0 40000.0 0.0017 SK4 11.0 3500.0 0.017

27 M3 0.01% 310000 MO3 71.0 65000.0 0.011 SO3 61.0 24000.0 0.0044

28 J1 0.01% 16000 THE1 9.5 850.0 0.029 SO1 61.0 5500.0 0.0021

29 R2 0.01% 290 S2 5.3 2200.0 0.041 K2 53 600.0 0.042

30 Q1 0.01% 9200 SIG1 61.0 4200.0 0.0029 RHO1 9.5 710.0 0.031

31 001 0.00% 6900 SO1 11.0 630.0 0.02 UPS1 71.0 4200.0 0.011

32 M8 0.00% 1100000 3MK7 1800.0 1300000.0 0.0081 none

33 RHO1 0.00% 1900 Q1 9.5 710.0 0.031 01 61.0 8600.0 0.0033

34 2Q1 0.00% 660 ALP1 61.0 1100.0 0.0027 SIG1 9.5 170.0 0.029

35 NO1 0.00% 820 BET1 11.0 220.0 0.0088 CHI1 9.5 190.0 0.021

36 H1 0.00% 5.90 GAM2 41 7.4 0.022 M2 53 7600.0 0.042

37 2SK5 0.00% 9600 2MK5 260.0 18000.0 0.0022 2MN6 1500.0 100000.0 0.0006

38 2SM6 0.00% 530 2MK6 120.0 2000.0 0.0013 MSK®6 11.0 170.0 0.018

39 PSI1 0.00% 87.00 K1 5.3 7800.0 0.038 PHI1 53 35.0 0.047

40 MKS2 0.00% 3.50 H2 5.3 8.7 0.044 LDA2 51.0 2000.0 0.008

41 H2 0.00% 1.90 M2 5.3 7600.0 0.04 MKS2 53 8.7 0.044
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42 ETA2 0.00% 0.63 MSN2 11.0 6.3 0.018 MO3 1600.0 | 1300000.0 0.00085
43 GAM2 0.00% 0.44 NU2 52.0 2100.0 0.0042 H1 4.1 7.4 0.022
44 PI1 0.00% 7.80 CHI1 45.0 93.0 0.0035 P1 5.3 2000.0 0.04
45 | 2MK®6 0.00% 30.00 2MS6 11.0 49.0 0.018 2SM6 120.0 2000.0 0.0013
46 THE1 0.00% 3.40 PHI1 51.0 73.0 0.006 J1 9.5 850.0 0.029
47 TAUL 0.00% 3.20 o1 11.0 1500.0 0.016 BET1 51.0 74.0 0.0049
48 2MS6 0.00% 12.00 M6 130.0 38000.0 0.0027 2MK6 11.0 49.0 0.018
49 MK4 0.00% 16.00 MS4 11.0 21000.0 0.018 S4 120.0 40000.0 0.0017
50 MSN2 0.00% 0.06 K2 60.0 6800.0 0.0019 ETA2 11.0 6.3 0.018
51 UPS1 0.00% 1.20 001 71.0 4200.0 0.011 0Q2 1400.0 1100.0 0.0034
52 0Q2 0.00% 0.05 UPS1 1400.0 1100.0 0.0034 EPS2 9.5 2.1 0.031
53 EPS2 0.00% 0.05 0Q2 95 2.1 0.031 2N2 61.0 3000.0 0.003
54 MSK6 0.00% 4.30 2SM6 11.0 170.0 0.018 3MK7 1700.0 8300.0 0.00044
55 BET1 0.00% 1.10 TAU1 51.0 74.0 0.0049 NO1 11.0 220.0 0.0088
56 PHI1 0.00% 0.78 PSI1 5.3 35.0 0.047 THE1 51.0 73.0 0.006
57 SO1 0.00% 1.10 J1 61.0 5500.0 0.0021 001 11.0 630.0 0.02
58 SO3 0.00% 6.00 M3 61.0 24000.0 0.0044 MK3 11.0 8900.0 0.019
59 CHI1 0.00% 0.64 NO1 9.5 190.0 0.021 PI1 45.0 93.0 0.0035
60 SN4 0.00% 2.50 M4 61.0 180000.0 0.0031 MS4 71.0 140000.0 0.0069
61 SK4 0.00% 2.70 S4 11.0 3500.0 0.017 2MK5 1700.0 2200.0 0.00046
62 2MN6 0.00% 1.40 2SK5 1500.0 100000.0 0.0006 M6 71.0 20000.0 0.0061
63 ALP1 0.00% 0.26 MF 1500.0 | 5300000.0 0.00032 201 61.0 1100.0 0.0027
64 MSM 0.00% 16.00 SSA 51.0 280000.0 0.013 MM 9.5 46000.0 0.033
65 SIG1 0.00% 0.09 201 9.5 170.0 0.029 Q1 61.0 4200.0 0.0029
66 SK3 0.00% 1.10 MK3 130.0 110000.0 0.0036 MN4 1600.0 | 1200000.0 0.00036
67 3MK7 0.00% 44.00 MSK6 1700.0 8300.0 0.00044 M8 1800.0 1300000.0 0.0081
68 2MK5 0.00% 0.75 SK4 1700.0 2200.0 0.00046 2SK5 260.0 18000.0 0.0022
Table 5. Summary of diagnostics for station SM3
No Const. PE SNR loNAME IoRR IoRNM loCorMx hiNAME hiRR hiRNM hiCorMx
1 M2 82.12% 4700000 H1 5.3 8200.0 0.041 H2 5.3 8200.0 0.039
2 S2 8.17% 440000 T2 5.3 2500.0 0.039 R2 5.3 2500.0 0.04
3 N2 2.89% 250000 MU2 61.0 22000.0 0.0027 NU2 9.5 3400.0 0.031
4 K1 2.63% 3700000 S1 5.3 7400.0 0.037 PSI1 5.3 7200.0 0.038
5 SA 0.80% 160000000 none SSA 5.3 53000.0 0.047
6 M4 0.71% 17000000 MN4 71.0 210000.0 0.0079 SN4 61.0 180000.0 0.0027
7 K2 0.56% 34000 R2 5.3 700.0 0.041 MSN2 60.0 7800.0 0.0018
8 Ms4 0.34% 8300000 SN4 71.0 140000.0 0.0082 MK4 11.0 22000.0 0.017
9 L2 0.26% 17000 LDA2 95 940.0 0.034 T2 56.0 5400.0 0.0032
10 SSA 0.21% 35000000 SA 5.3 53000.0 0.047 MSM 51.0 210000.0 0.014
11 MU2 0.20% 11000 2N2 95 820.0 0.03 N2 61.0 22000.0 0.0027
12 P1 0.19% 390000 PI1 5.3 2400.0 0.039 S1 5.3 2900.0 0.045
13 MM 0.12% 31000000 MSM 9.5 37000.0 0.033 MSF 61.0 330000.0 0.0038
14 S1 0.12% 190000 P1 5.3 2900.0 0.045 K1 5.3 7400.0 0.037
15 MF 0.12% 25000000 MSF 11.0 55000.0 0.018 ALP1 1500.0 5200000.0 0.00033
16 MSF 0.11% 28000000 MM 61.0 330000.0 0.0038 MF 11.0 55000.0 0.018
17 NU2 0.09% 5300 N2 95 3400.0 0.031 GAM2 52.0 2700.0 0.0059
18 2N2 0.08% 4500 EPS2 61.0 2900.0 0.0026 MU2 9.5 820.0 0.03
19 LDA2 0.06% 3000 MKS2 51.0 2000.0 0.0083 L2 9.5 940.0 0.034
20 o1 0.06% 77000 RHO1 61.0 12000.0 0.0029 TAU1 11.0 2100.0 0.015
21 MN4 0.04% 1200000 SK3 1600.0 1200000.0 0.00026 M4 71.0 210000.0 0.0079
22 T2 0.03% 2100 L2 56.0 5400.0 0.0032 S2 5.3 2500.0 0.039
23 MO3 0.03% 650000 ETA2 1600.0 910000.0 0.00087 M3 71.0 47000.0 0.013
24 MK3 0.02% 700000 SO3 11.0 6300.0 0.018 SK3 130.0 78000.0 0.0032
25 S4 0.01% 320000 MK4 120.0 48000.0 0.0012 SK4 11.0 4200.0 0.017
26 J1 0.01% 9700 THE1 9.5 660.0 0.028 SO1 61.0 4300.0 0.002
27 001 0.01% 9100 SO1 11.0 720.0 0.02 UPS1 71.0 4800.0 0.013
28 M3 0.01% 230000 MO3 71.0 47000.0 0.013 SO3 61.0 21000.0 0.0048
29 Q1 0.01% 6800 SIG1 61.0 3600.0 0.0024 RHO1 9.5 590.0 0.03
30 R2 0.01% 470 S2 5.3 2500.0 0.04 K2 5.3 700.0 0.041
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No Const. PE SNR loNAME IoRR IoRNM loCorMx hiNAME hiRR hiRNM hiCorMx
31 M6 0.00% 63000 2MN6 71.0 13000.0 0.0072 2MS6 130.0 23000.0 0.0024
32 M8 0.00% 1400000 3MK7 1800.0 1500000.0 0.01 none --- ---
33 RHO1 0.00% 970 Q1 9.5 590.0 0.03 o1 61.0 12000.0 0.0029
34 NO1 0.00% 440 BET1 11.0 160.0 0.0086 CHI1 9.5 140.0 0.021
35 201 0.00% 240 ALP1 61.0 670.0 0.0023 SIG1 9.5 100.0 0.029
36 H1 0.00% 8.80 GAM2 41 9.0 0.022 M2 5.3 8200.0 0.041
37 2SK5 0.00% 9300 2MK5 260.0 18000.0 0.0024 2MN6 1500.0 100000.0 0.00071
38 2SM6 0.00% 950 2MK6 120.0 2700.0 0.0012 MSK6 11.0 230.0 0.017
39 PSI1 0.00% 65.00 K1 5.3 7200.0 0.038 PHI1 5.3 31.0 0.047
40 MKS2 0.00% 4.30 H2 5.3 9.6 0.043 LDA2 51.0 2000.0 0.0083
41 H2 0.00% 2.20 M2 5.3 8200.0 0.039 MKS2 5.3 9.6 0.043
42 ETA2 0.00% 0.92 MSN2 11.0 75 0.018 MO3 1600.0 910000.0 0.00087
43 GAM2 0.00% 0.68 NU2 52.0 2700.0 0.0059 H1 4.1 9.0 0.022
44 PI1 0.00% 7.90 CHI1 45.0 92.0 0.0035 P1 5.3 2400.0 0.039
45 | 2MK6 0.00% 67.00 2MS6 11.0 66.0 0.018 2SM6 120.0 2700.0 0.0012
46 TAU1L 0.00% 2.80 o1 11.0 2100.0 0.015 BET1 51.0 70.0 0.0041
47 THE1 0.00% 3.60 PHI1 51.0 76.0 0.0058 J1 9.5 660.0 0.028
48 MK4 0.00% 28.00 MS4 11.0 22000.0 0.017 S4 120.0 48000.0 0.0012
49 UPS1 0.00% 1.60 001 71.0 4800.0 0.013 0Q2 1400.0 1300.0 0.006
50 0Q2 0.00% 0.08 UPS1 1400.0 1300.0 0.006 EPS2 95 2.4 0.031
51 MSN2 0.00% 0.09 K2 60.0 7800.0 0.0018 ETA2 11.0 7.5 0.018
52 SO1 0.00% 1.50 J1 61.0 4300.0 0.002 001 11.0 720.0 0.02
53 BET1 0.00% 1.10 TAUL 51.0 70.0 0.0041 NO1 11.0 160.0 0.0086
54 2MS6 0.00% 9.10 M6 130.0 23000.0 0.0024 2MK6 11.0 66.0 0.018
55 PHI1 0.00% 0.94 PSI1 5.3 31.0 0.047 THE1 51.0 76.0 0.0058
56 EPS2 0.00% 0.05 0Q2 9.5 2.4 0.031 2N2 61.0 2900.0 0.0026
57 MSK6 0.00% 6.10 2SM6 11.0 230.0 0.017 3MK7 1700.0 9700.0 0.00048
58 | 2MK5 0.00% 23.00 SK4 1700.0 5900.0 0.00046 2SK5 260.0 18000.0 0.0024
59 SN4 0.00% 3.70 M4 61.0 180000.0 0.0027 MS4 71.0 140000.0 0.0082
60 CHI1 0.00% 0.34 NO1 95 140.0 0.021 PI1 45.0 92.0 0.0035
61 SK4 0.00% 2.10 S4 11.0 4200.0 0.017 2MK5 1700.0 5900.0 0.00046
62 SO3 0.00% 2.80 M3 61.0 21000.0 0.0048 MK3 11.0 6300.0 0.018
63 SIG1 0.00% 0.18 201 95 100.0 0.029 Q1 61.0 3600.0 0.0024
64 2MN6 0.00% 2.00 2SK5 1500.0 100000.0 0.00071 M6 71.0 13000.0 0.0072
65 SK3 0.00% 2.60 MK3 130.0 78000.0 0.0032 MN4 1600.0 1200000.0 0.00026
66 ALP1 0.00% 0.14 MF 1500.0 | 5200000.0 0.00033 201 61.0 670.0 0.0023
67 MSM 0.00% 8.20 SSA 51.0 210000.0 0.014 MM 9.5 37000.0 0.033
68 | 3MK7 0.00% 61.00 MSK6 1700.0 9700.0 0.00048 M8 1800.0 | 1500000.0 0.01
Table 6. Summary of diagnostics for station SM4
No Const. PE SNR loNAME IoRR IoRNM loCorMx hiNAME hiRR hiRNM hiCorMx
1 M2 81.75% 4100000 H1 5.3 7600.0 0.042 H2 5.3 7600.0 0.04
2 S2 7.50% 330000 T2 5.3 2200.0 0.04 R2 5.3 2200.0 0.041
3 N2 2.63% 120000 MU2 61.0 17000.0 0.003 NU2 95 2400.0 0.032
4 K1 2.37% 4300000 S1 5.3 8000.0 0.038 PSI1 5.3 7800.0 0.038
5 M4 1.25% 18000000 MN4 71.0 220000.0 0.0069 SN4 61.0 180000.0 0.0031
6 SA 0.87% 170000000 none SSA 5.3 58000.0 0.048
7 MS4 0.51% 7600000 SN4 71.0 140000.0 0.0069 MK4 11.0 21000.0 0.018
8 K2 0.50% 25000 R2 5.3 600.0 0.042 MSN2 60.0 6800.0 0.0019
9 MU2 0.49% 24000 2N2 9.5 1100.0 0.031 N2 61.0 17000.0 0.003
10 L2 0.35% 18000 LDA2 9.5 970.0 0.034 T2 56.0 5500.0 0.0031
11 MSF 0.25% 44000000 MM 61.0 410000.0 0.0042 MF 11.0 63000.0 0.019
12 SSA 0.24% 63000000 SA 5.3 58000.0 0.048 MSM 51.0 280000.0 0.013
13 MM 0.22% 47000000 MSM 9.5 46000.0 0.033 MSF 61.0 410000.0 0.0042
14 S1 0.18% 290000 P1 5.3 2900.0 0.046 K1 5.3 8000.0 0.038
15 P1 0.17% 290000 PI1 5.3 2000.0 0.04 S1 5.3 2900.0 0.046
16 MF 0.13% 26000000 MSF 11.0 63000.0 0.019 ALP1 1500.0 | 5300000.0 0.00032
17 NU2 0.10% 3400 N2 9.5 2400.0 0.032 GAM2 52.0 2100.0 0.0042
18 2N2 0.09% 4700 EPS2 61.0 3000.0 0.003 MU2 9.5 1100.0 0.031
19 LDA2 0.08% 3200 MKS2 51.0 2000.0 0.008 L2 95 970.0 0.034
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No Const. PE SNR lIoNAME IoRR IoRNM loCorMx hiNAME hiRR hiRNM hiCorMx
20 MN4 0.08% 1100000 SK3 1600.0 1200000.0 0.00036 M4 71.0 220000.0 0.0069
21 MO3 0.05% 1400000 ETA2 1600.0 | 1300000.0 0.00085 M3 71.0 65000.0 0.011
22 MK3 0.05% 1400000 S0O3 11.0 8900.0 0.019 SK3 130.0 110000.0 0.0036
23 T2 0.04% 1600 L2 56.0 5500.0 0.0031 S2 5.3 2200.0 0.04
24 01 0.03% 38000 RHO1 61.0 8600.0 0.0033 TAUL 11.0 1500.0 0.016
25 M6 0.01% 160000 2MN6 71.0 20000.0 0.0061 2MS6 130.0 38000.0 0.0027
26 S4 0.01% 210000 MK4 120.0 40000.0 0.0017 SK4 11.0 3500.0 0.017
27 M3 0.01% 310000 MO3 71.0 65000.0 0.011 S0O3 61.0 24000.0 0.0044
28 J1 0.01% 16000 THE1 9.5 850.0 0.029 SO1 61.0 5500.0 0.0021
29 R2 0.01% 290 S2 5.3 2200.0 0.041 K2 5.3 600.0 0.042
30 Q1 0.01% 9200 SIG1 61.0 4200.0 0.0029 RHO1 9.5 710.0 0.031
31 001 0.00% 6900 SO1 11.0 630.0 0.02 UPS1 71.0 4200.0 0.011
32 M8 0.00% 1100000 3MK7 1800.0 | 1300000.0 0.0081 none
33 RHO1 0.00% 1900 Q1 9.5 710.0 0.031 o1 61.0 8600.0 0.0033
34 2Q1 0.00% 660 ALP1 61.0 1100.0 0.0027 SIG1 9.5 170.0 0.029
35 NO1 0.00% 820 BET1 11.0 220.0 0.0088 CHI1 9.5 190.0 0.021
36 H1 0.00% 5.90 GAM2 41 74 0.022 M2 5.3 7600.0 0.042
37 2SK5 0.00% 9600 2MK5 260.0 18000.0 0.0022 2MN6 1500.0 100000.0 0.0006
38 | 2SM6 0.00% 530 2MK6 120.0 2000.0 0.0013 MSK6 11.0 170.0 0.018
39 PSI1 0.00% 87.00 K1 5.3 7800.0 0.038 PHI1 5.3 35.0 0.047
40 | MKS2 0.00% 3.50 H2 5.3 8.7 0.044 LDA2 51.0 2000.0 0.008
41 H2 0.00% 1.90 M2 5.3 7600.0 0.04 MKS2 5.3 8.7 0.044
42 ETA2 0.00% 0.63 MSN2 11.0 6.3 0.018 MO3 1600.0 1300000.0 0.00085
43 | GAM2 0.00% 0.44 NU2 52.0 2100.0 0.0042 H1 4.1 7.4 0.022
44 PI1 0.00% 7.80 CHI1 45.0 93.0 0.0035 P1 5.3 2000.0 0.04
45 | 2MK6 0.00% 30.00 2MS6 11.0 49.0 0.018 2SM6 120.0 2000.0 0.0013
46 | THE1 0.00% 3.40 PHI1 51.0 73.0 0.006 J1 9.5 850.0 0.029
47 TAUl 0.00% 3.20 o1 11.0 1500.0 0.016 BET1 51.0 74.0 0.0049
48 | 2MS6 0.00% 12.00 M6 130.0 38000.0 0.0027 2MK6 11.0 49.0 0.018
49 MK4 0.00% 16.00 MS4 11.0 21000.0 0.018 S4 120.0 40000.0 0.0017
50 MSN2 0.00% 0.06 K2 60.0 6800.0 0.0019 ETA2 11.0 6.3 0.018
51 uPs1 0.00% 1.20 001 71.0 4200.0 0.011 0Q2 1400.0 1100.0 0.0034
52 0Q2 0.00% 0.05 UPS1 1400.0 1100.0 0.0034 EPS2 9.5 2.1 0.031
53 EPS2 0.00% 0.05 0Q2 9.5 2.1 0.031 2N2 61.0 3000.0 0.003
54 | MSK6 0.00% 4.30 2SM6 11.0 170.0 0.018 3MK7 1700.0 8300.0 0.00044
55 BET1 0.00% 1.10 TAUL 51.0 74.0 0.0049 NO1 11.0 220.0 0.0088
56 PHI1 0.00% 0.78 PSI1 5.3 35.0 0.047 THE1 51.0 73.0 0.006
57 SO1 0.00% 1.10 J1 61.0 5500.0 0.0021 001 11.0 630.0 0.02
58 S0O3 0.00% 6.00 M3 61.0 24000.0 0.0044 MK3 11.0 8900.0 0.019
59 CHI1 0.00% 0.64 NO1 9.5 190.0 0.021 PI1 45.0 93.0 0.0035
60 SN4 0.00% 2.50 M4 61.0 180000.0 0.0031 MS4 71.0 140000.0 0.0069
61 SK4 0.00% 2.70 S4 11.0 3500.0 0.017 2MK5 1700.0 2200.0 0.00046
62 | 2MN6 0.00% 1.40 2SK5 1500.0 100000.0 0.0006 M6 71.0 20000.0 0.0061
63 ALP1 0.00% 0.26 MF 1500.0 5300000.0 0.00032 2Q1 61.0 1100.0 0.0027
64 MSM 0.00% 16.00 SSA 51.0 280000.0 0.013 MM 9.5 46000.0 0.033
65 SIG1 0.00% 0.09 2Q1 9.5 170.0 0.029 Q1 61.0 4200.0 0.0029
66 SK3 0.00% 1.10 MK3 130.0 110000.0 0.0036 MN4 1600.0 1200000.0 0.00036
67 | 3MK7 0.00% 44.00 MSK6 1700.0 8300.0 0.00044 M8 1800.0 | 1300000.0 0.0081
68 2MK5 0.00% 0.75 SK4 1700.0 2200.0 0.00046 2SK5 260.0 18000.0 0.0022
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Figure 12. Second diagnostic graph for SM2: constituents in decreasing PE order (a) and associated phase shifts accompanied by 95% confidence
intervals (b)

of residuals following the adjustment (using model

4.4.2. Graphs predictions) as well as a ranking of constituents in
The case of SM2 is considered here for illustration  ascending order of frequency (Figure 11.b).

purpose. SM3 and SM4 exhibit similar graphs. Figure 12 presents the second diagnostic graph for SM2,
The first diagnostic graph of the fit (Figure 1l.a: illustrating the constituents ranked in decreasing potential

illustration for SM2) is utilized to evaluate the goodness  €nergy (PE) order (Figure 12.a) and their associated phase
of fit of the regression model and displays the dispersion  shifts with 95% confidence intervals in panel (Figure
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12.b). This graph enables a detailed analysis of constituent
amplitudes, where the error bars signify the 95%
confidence interval for each amplitude measurement. A
signal-to-noise ratio (SNR) exceeding 2.0 indicates that a
constituent is reliably detected and distinguishable from
background noise; such constituents are prioritized for
inclusion in tidal reconstruction efforts. The vertical axis
of the graph displays the intensity of these constituents,
arranged in descending order of energy, thereby
facilitating a clear understanding of their relative
contributions to tidal dynamics.

4.4.3. Residuals

Figure 13 presents a diagnostic graph of the fit showing
the residual curve for SM2, which represents the
difference between observed and modeled values.

The residuals are generally low, indicating a precise fit
of the harmonic model to the tidal data. The residual curve
is well distributed around zero, suggesting the absence of
systematic bias and random errors. Some extreme values
are present, but their limited number demonstrates that the
IRLS method with a Cauchy weighting function has
effectively minimized their impact. Finally, the low
temporal variability of the residuals indicates stability and
consistent performance of the model throughout the
analysis period. The curves are similar for SM3 and SM4

increasing variability in water levels as one approaches the
port of Douala. Despite these differences, the percentage
of total variance remains exceptionally high for all stations
(>99.8%), demonstrating the excellent reconstruction
capability of the harmonic model, with a slightly better
precision performance for SM2 (99.9%) compared to SM3
and SM4 (99.8%). These results corroborate previous
observations on SNR and total variance, confirming a
gradation in tidal reconstruction quality from SM2 to SM4,
likely due to local differences in the hydrodynamic
conditions of the Wouri estuary.

Tidal Fit: Measured and Forecasted Comparison for site SM2

s+ |emem——— Astronomical Forecast
Measured
Residual

. . a) 2018 2019 2020 2021 2022 2023
45 ReconStrUCtlon Qua“ty Tidal Fit: Measured and Forecasted Comparison for site SM2
Table 7 presents a comparative summary of tidal |, , |- Astronomical Forecast
reconstruction metrics for stations SM2, SM3, and SM4. 257 A 4 peseured
The parameters include mean error, variance, standard
deviation, Rmin, K (weighting factor), SNRallc, TVallc, 2t
TVsnre, TVraw, PTVallc, and PTVsnrc. s
The harmonic analysis of tides for the three stations, %‘ 15 h
with methodological similarities (Rmin=1.00, K=2.07, %
MIinSNR=2.00), again demonstrates very  high 3
reconstruction performance, but notable differences in = ‘
results. SM2 exhibits the best overall performance, with

the highest global signal-to-noise ratio (5.99x10°), the
lowest mean error (0.01280), the smallest variance
(0.000267), and the lowest standard deviation (0.01640).
These indicators confirm a more precise and less dispersed
reconstruction for SM2. Conversely, SM4 displays the
least favorable values, indicating a less precise and more
variable reconstruction. SM3 presents intermediate values.
The total variance increases from SM2 to SM4, indicating

05

D A A e A A A A

Feb 03 Feb 05 Feb 07 Feb 09 Feb 11 Feb 13

b) 2018

Figure 13. Graph of the fit illustrating more clearly the residual curve a)
whole view, b) Five-days view

Table 7. Comparison of tidal reconstruction quality metrics for stations SM2, SM3, and SM4

Station Mean Error Variance Std Deviation Rmin K SNRallc TVallc TVsnrc TVraw PTVallc | PTVsnrc
SM2 0.01280 0.000267 0.01640 1 2.07 5.99x10° 0.314 0.314 0.314 99.9 % 99.9 %
SM3 0.01690 0.000442 0.02100 1 2.07 3.00x10° 0.356 0.356 0.356 99.8 % 99.8 %
SM4 0.01996 0.000605 0.02459 1 2.07 2.44x10° 0.393 0.393 0.393 99.8 % 99.8 %

Table 8. Tidal levels, low and high waters for the stations

4.6. Tidal Levels, Low and High Waters

i MLLW ML Zo
4.6.1. Water Levels Estimation Station | LAT(m) (m) MSL (m) | HAT (m) (m)
Table 8 and Figure 14 show that tidal levels, low and zmz 8%2 8'222 1;;; z'gzé 122;
high waters for stations SM2, SM3, and SM4. They A 0'238 0'635 1'699 3'046 1'461
exhibit significant variations. ' ' ' ' '
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Tide levels and Lowest Low Water for site SM3
MLL¥V=0.5951 1m, LAT=0.18979m, HAT=2.9263m, MSL=1.5881m and Offset MSL-LAT=1.3983m

Tide Level H
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Mean LLW
LAT
HAT

Height in meters
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Figure 14. lllustration of tidal levels, low and high waters for a station
(For example, SM3 shown here). a) whole view, b) One-month view

The mean sea level (MSL) above chart datum is
relatively similar for the three stations, with SM2 having
the highest MSL (1.722 m) and SM3 the lowest (1.588 m).
SM2 presents the largest tidal range, with a difference of
2.212 m between the Lowest Astronomical Tide (LAT)
and the Highest Astronomical Tide (HAT). LAT and
Mean Lower Low Water (MLLW) values increase from
SM3 to SM4, suggesting an influence of topography along
the estuary.

The MSL-LAT offset (ML Zo) also follows this trend,
increasing from SM2 (1.327 m) to SM4 (1.461 m). This is
consistent with the increase in MLLW. These differences
between stations have important implications for
navigation, port management, and coastal infrastructure
planning, highlighting the importance of site-specific
analysis for accurate tidal predictions.

4.6.2. MSL Trend Throughout the Year

The mean sea level is not constant throughout the year
and exhibits a cyclical evolution with an annual period
(Figure 15, Figure 16 and Figure 17). It experiences
similar variation patterns throughout the year for all three
stations.

It remains nearly constant from January to April, then
undergoes a decrease of approximately 5 cm to reach its
lowest level at the beginning of June. From June to
October, the variation trend is uniformly increasing, with
the peak occurring in early October and an excursion of 20
cm. Beyond this, the mean sea level experiences a uniform
decrease until December. Paradoxically, contrary to what
geographical proximity might suggest, SM2 and SM4

exhibit better congruence, while the least congruence is
observed between SM2 and SM3.

Similarly, the relative offsets between stations are not
constant but periodic and dependent on tidal range
amplitudes (Figure 18). The smallest and most regular
offset amplitudes are observed for the SM2-SM3 pair. The
largest offset amplitudes are observed for the SM2-SM4
pair, followed by SM3-SM4. These amplitudes are more
strongly linked and proportional to tidal range amplitudes,
with large offset amplitudes corresponding to large tidal
ranges.

Mean Sea Levels by Demerliac Filtering
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Figure 15. Annual mean sea level trends
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Figure 16. Mean sea levels derived using the Demerliac filter
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Tide Comparison
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Figure 17. Tide comparison a) One-month view, b) One-day view
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Figure 18. Tides difference a) whole view, b) Two-weeks view

4.7. Models Validation

For the purpose of validating the models derived from
harmonic analysis for the three stations, comparisons were
made on one hand between the model predictions and the
prediction from the Tides & Currents software, between

the model predictions and the prediction from SHOM [48],

and on the other hand between the model predictions and
the actual tide acquired a posteriori for various periods of
2024 depending on data availability.

4.7.1. Comparison with Tides & Currents Prediction

The predicted tide used here is produced by the Tides &
Currents software for the geographical area of Douala
with the following reference coordinates:

DOUALA (WGS84): Latitude:  04° 03'N
Longitude: 009° 41' E

We observe a concordance in terms of harmonics
between the stations and a concordance with the predicted
tide for all three stations SM2, SM3 and SM4, thus
validating the construction model used (Figure 19). The
best in connection with the predicted tide is given by SM4
over the entire duration of the observations, surely due to
its geographical proximity. In addition, the maximum
amplitudes show offset compared to the prediction.

Another comparison was made through correlations.
The cross-correlations between the model predictions and
the Tides & Currents prediction are given in Figure 20 and
Table 9.

Table 9. First-order cross-correlation coefficients between the
stations and the TC prediction

Correlation
SM2 Prediction (Model) vs TC Prediction 0.967
SM3 Prediction (Model) vs TC Prediction 0.985
SM4 Prediction (Model) vs TC Prediction 0.993

They are similar with the strongest observed for SM4,
surely due to its geographical location within the port of
Douala followed by SM3 and finally SM2.
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: ; ; . .
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Figure 19. Comparative curves between tide predictions from the model
and those from the Tides & Currents software
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Model Tide Prediction vs Tide & Current software Cross Correlation
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Figure 20. Cross-correlations between tide stations and prediction from
the Tides and Currents software a) Graphs, b) Bar view

4.7.2. Comparison with Subsequent Real tide

Subsequent acquisitions of actual tide data in 2024
allowed for another validation approach by comparison
with our model predictions and the predictions of SHOM.
The graphs in Figure 21 and Figure 22 show good
agreement between the model predictions and the actual
tide obtained retrospectively from March 21 to 22, 2024
for SM2 (Figure 21.a), June 13, 2024 for SM4 (Figure
21.b), and February 28, 2024 for both stations
simultaneously (Figure 22). We also observe that the
model best agreeing with SHOM predictions is that of
station SM3.

These predictions are also better than those of the Tides
& Currents software in both cases. SM4, which in the
previous paragraph showed the best correlation with the
software prediction due to its geographical position,
presents an equally surprising result: our model's
prediction for this station shows the closest agreement
with the actual tide curve than that of both the Tides &
Currents software and the prediction from SHOM. Thus,
the reconstruction results from the models can be used for
long-term predictions, thereby aiding navigation, planning
of ship arrivals and departures, and optimization of port
operations. In this case, they demonstrate the effectiveness
and accuracy of harmonic analysis for the three stations,
highlighting the model's ability to faithfully reproduce
observed tide levels and provide more reliable long-term
predictions than other existing alternatives.
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Figure 21. Comparative curves of model predictions with tide data
acquired retrospectively for SM2 (a) and SM4 (b)

‘Construction Model against T&C prediction and real tide
T T T

I
Feb 28, 18.00 Feb 28, 00.00 Feb 29, 08:00
Date-Time 2024

Figure 22. Comparative curves of model predictions with SHOM
prediction and with tide data acquired retrospectively for SM2 and SM4.

5. Conclusion

This five-year multi-station study of tidal variations in
the Wouri estuary in Cameroon has allowed for precise
characterization of tidal fluctuations and establishment of
reliable prediction models for the Douala Port Authority.
The unified methodological approach, combining data
from multiple stations over a long period, multiple
software and analysis tools, has proven particularly
effective in analyzing and modeling tides in this complex
environment. Robust harmonic analysis, using the IRLS
method with a Cauchy weighting function, yielded highly
accurate results. The high spectral resolution, obtained
through the analysis of 68 constituents over five years of
data, provided a detailed representation of tides,
explaining about 100% of the total variance. This
approach, without resorting to inference, ensured that each
harmonic constituent was directly determined from
observed data, thus strengthening the reliability of the
results. The harmonic analysis was therefore able to
resolve most of the higher frequency and tidal components
with close periods and confirmed that the tide in the
Wouri estuary is a semi-diurnal tide with diurnal
inequality that amplifies as it progresses into the estuary.
Model validation, performed by comparison with actual
data acquired retrospectively and other serious prediction
sources, confirmed the accuracy and robustness of the
adopted approach. The results highlighted similar trends
and common patterns among the three stations studied,
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with a strong correlation, particularly between SM3 and
SM4. However, noteworthy differences were also
observed, likely due to local dynamics such as topography
and currents. In this regard, it is observed that water levels
in the estuary display a certain spatial gradient and
consequently, it would be necessary to multiply tide
gauges along the estuary to better characterize tidal level
variations along the navigation channel leading to the port,
in temporal and spatial domains, confirming the interest in
rehabilitating station SM1. For future work, it would be
relevant to extend this study by integrating other
oceanographic parameters, such as currents and winds, to
obtain a more comprehensive understanding of the
estuary's hydrodynamics. The incorporation of satellite
data and the use of machine learning and artificial
intelligence techniques could also enrich the analysis and
further improve prediction accuracy.

ACKNOWLEDGEMENTS

The author would like to thank the management and
staff of Locatech Services Sarl as well as the personnel of
the Hydrographical Office of Port Authority of Douala for
their kind cooperation as the information and data used in
this study were made available through their gracious
diligence.

References

[1] Pugh, D., & Woodworth, P. (2014). Tidal analysis and prediction.
In Sea-Level Science: Understanding Tides, Surges, Tsunamis and
Mean Sea-Level Changes (pp. 60-96). Cambridge: Cambridge
University Press.

[2] Simon, B. (2007). La marée oc éanique cOtieére. Institut océ
anographique, Fondation Albert |, prince de Monaco. Janvier 2007

[3] Koutitonsky, V. (2005). Capteurs océanographiques pour le systé
me de monitorage environnemental du Port Autonome de Douala,
Cameroun. 10.13140/2.1.2678.0969.

[4] Onguene, R., et al. (2015). Overview of Tide Characteristics in
Cameroon Coastal Areas Using Recent Observations. Open
Journal of Marine Science, 5, 81-98.

[5] Fossi, F.Y., Pouvreau, N., Brenon, I, Onguene, R., Etame, J.,
Jombe, D. (2019). Reconstruction des variations du niveau de la
mer et dynamique de I'évolution du littoral estuarien du Wouri
(Cameroun). Journées REFMAR 2019, La Défense-Paris

[6] Fossi, F.Y. (2022). Dynamique morpho-sédimentaire de I'estuaire
du Wouri, Cameroun. Sciences de la Terre. Université de La
Rochelle; Universit é de Douala, 2022. Frangais. NNT :
2022LAR0S012. tel-03858540.

[7]1 Boerez, J. (2013). Analyse et modélisation de I'effet des marces
sur les réseaux de nivellement hydrostatiques du CERN. Autre.
Université de Strasbourg, 2013.

[8] Durand-Richard, MJ. (2013). La prédiction des marées : thé
orisation et mecanisation aux 19e et 20e siécles. Rivista Brasileira
De Ensino De Ci & ncia E Tecnologia, 2013, 6 (1),
https://periodicos.utfpr.edu.br. f10.3895/51982-
873X2013000100012ff. ffhal01135708f

[9]1 Godin, G. (1972). The analysis of tides. University of Toronto

Press.

Foreman, M G G, & Henry, R F. (1989). The harmonic analysis of

tidal model time series. Advances in Water Resources, 12, 109-

120.

Leffler, K.E., & Jay, D.A., (2009). Enhancing tidal harmonic

analysis: Robust (hybrid) solutions. Continental Shelf Research 29,

78-88.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Hibbert, A., Royston, S.J., Horsburgh, K.J., Leach, H., & Hisscott,
A., (2015). An empirical approach to improving tidal predictions
using recent real-time tide gauge data. Journal of Operational
Oceanography 8, 2015. 40-51.

Yen P.H., Jan, C.D,, Lee, Y.P., & Lee, H.F. (1996). Application of
Kalman filtering to short term tidal level prediction. Journal of
Waterway, Port, Coastal, and Ocean Engineering 122, 226-231.
Kaloop, M., Rabah, M., & Elnabwy, M. (2016). Sea level change
analysis and models identification based on short tidal gauge
measurements in Alexandria, Egypt. Mar Geod. 39:1 - 20.
Mousavian, R., & Hossainali, M.M., (2012). Detection of main
tidal frequencies using least squares harmonic estimation method.
Journal of Geodetic Science 2.

Amiri-Simkooei, A.R., Zaminpardaz, S., & Sharifi, M.A., (2014).
Extracting tidal frequencies using multivariate harmonic analysis
of sea level height time series. Journal of Geodesy 88, 975-988.

Li, S., Liu, L., Cai, S., & Wang, G. (2019). Tidal harmonic
analysis and prediction with least-squares estimation and inaction
method. Estuarine, Coastal and Shelf Science, 220, 196 - 208.
Flinchem, E.P., & Jay, D.A., (2000). An Introduction to Wavelet
Transform Tidal Analysis Methods. Estuarine, Coastal and Shelf
Science 51, 177-200.

Guo, L., van der Wegen, M., Jay D. A., Mate, P., Wang, Z. B.,
Roelvink, D. and He Q., (2015). River-tide dynamics: Exploration
of nonstationary and nonlinear tidal behavior in the Yangtze River
estuary, J. Geophys. Res. Oceans, 120, 3499 - 3521.

Seo, Y., & Kim, S. (2016). River stage forecasting using wavelet
packet decomposition and data-driven models. Procedia Eng.
154:1225 - 1230.

Meng, C., Zhou, J., Tayyab, M, Zhu S, Z. & Hang, H. (2016).
Integrating artificial neural networks into the vic model for
rainfall-runoff modeling. Water. 8:407.

Shiri, J., Makarynskyy, O., Kisi, O., Dierickx, W., & Fard, AF.
(2011). Prediction of short-term operational water levels using an
adaptive neuro-fuzzy inference system. J Waterway Port Coastal
Ocean Eng-Asce. 137:344 - 354.

Makarynska, D. & Makarynskyy, O. (2008). Predicting sea-level
variations at the Cocos (Keeling) Islands with artificial neural
networks. Computers &  Geosciences. 34. 1910-1917.
10.1016/j.cage0.2007.12.004.

Nayak, D.R., Mahapatra, A., & Mishra, P. (2013). A survey on
rainfall prediction using artificial neural network. Int J Comput.
72:32 - 40.

Ghorbani, M.A.& Khatibi, R. & Aytek, A. & Makarynskyy, O. &
Shiri, J. (2010). Sea water level forecasting using genetic
programming and comparing the performance with Artificial
Neural Networks. Computers & Geosciences. 36. 620-627.
10.1016/j.cage0.2009.09.014.

Shiri, J., Shamshirband, S., Kisi, O., Karimi, S., Bateni, SM,
Hossein, S, Nezhad, H, & Hashemi, A. (2016). Prediction of water
level in the urmia lake using the extreme learning machine
approach. Water Res Manag. 30:5217 - 5229.

Mosbeh, R.K., El-Diasty, M., & Jong, W.H. (2017): Real-time
prediction of water level change using adaptive neuro-fuzzy
inference system. Geomatics, Natural Hazards and Risk.
Schureman, P. (1958) Manual of Harmonic Analysis and
Prediction of Tides. [ Revised 1940 edition reprinted 1958 with
corrections, reprinted 2001]. Washington DC, United States
Government Printing Office, 317pp. (US Coast and Geodetic
Survey, Special Publication 98).

Boon, J. D. (2013). Secrets of the Tide: Tide and Tidal Current
Analysis and Predictions, Storm Surges and Sea Level Trends.
Woodhead Publishing. 2013

Egbert, G. D., & Ray, R. D. (2017). Tidal prediction. Journal of
Marine Research, 75(3), 189 - 237. https:// elischolar.library.
yale.edu/journal_of_marine_research/432.

Hart-Davis, M.G., Dettmering, D., Sulzbach, R., Thomas, M.,
Schwatke, C., Seitz, F (2021). Regional evaluation of minor tidal
constituents for improved estimation of ocean tides. Remote
Sensing, 13(16), 3310.

Doodson, A. T., (1921). The harmonic development of the tide-
generating potential, Philos. T. Roy. Soc. Lond. A, 100, 305 - 329.
Wilhelm H., Z " urn, W., & Wenzel, H.G., editors (1997). Tidal
Phenomena. Volume 66 of Lecture Notes in Earth Sciences.
Springer, Berlin, Germany, 1997



22

[34]

[35]

[36]

[37]

(38]

[39]

[40]
[41]
[42]

Journal of Geosciences and Geomatics

Pawlowicz, R., Beardsley, B., & Lentz, S., (2002). Classical tidal
harmonic analysis including error estimates in Matlab using
T_Tide. Rich Pawlowicz & al., 2002).

Magori, C. (2008). Tidal analysis and prediction in the Western
Indian Ocean. Western Indian Ocean Marine Science Association
(WIOMSA). Intergovernmental Oceanographic Commission of
UNESCO Kenya Marine & Fisheries Research Institute. July 2008
Ducarme, B., Venedikov, A.P., Arnoso, J., & Vieira, R., (2006).
Analysis and prediction of ocean tides by the computer program
VAV. Journal of Geodynamics 41, 119-127.

Codiga, D. L. (2011). Unified tidal analysis and prediction using
the UTide Matlab functions. Graduate School of Oceanography,
University of Rhode Island Narragansett, Rl,.

Forrester, W.D. (1983). Manuel canadien des marées. Ministere
des péches et des océans. Ottawa 1983.

Parker, B.B. (2007). Tidal analysis and prediction. Silver Spring,
MD, NOAA NOS Center for Operational Oceanographic Products

and Services, 378pp (NOAA Special Publication NOS CO-OPS 3).

Foreman, M.G.G., & Neufeld, E.M. (1991). Harmonic tidal
analyses of long time series. Int. Hydrogr. Rev. LXVIII, 85 - 108.
Doodson A. T. & Warburg, H. D. (1941). Admiralty Manual of
Tides. His Majesty's Stationery Office, 1941

Demerliac, A., (1974). Calcul du niveau moyen journalier de la

[43]

[44]

[45]

[46]

[47]

(48]

mer. Rapport du service hydrographique de la marine 741, 49 - 57.
Yéo, S.R., Allialy, K.C.M.R., Rene, T.A., Sylvain, M., Seydou, S.
& Affian, K. (2023). Evolutive Trend of Water Level in the Ebrie
Lagoon by Reconstitution of the Tide Gauge Time Series in Front
of the Abidjan Coastline (Cote d'lvoire). Journal of Water
Resource and Protection, 15, 526-538

Groves G. , (1955). Numerical filters for discriminating against
tidal periodicities, Trans. Am. Geophysical Union 36, 1073 (1955)
Emery, W.J. and Thomson, R.E (2001). Data Analysis Methods in
Physical Oceanography: Second and Revised Edition. Elsevier
Science, 2001. 638 pages

Mfeze, M. & Tonye, E. (2018). An Efficient FWGN-Based
Modelling And Simulation Scheme For The Suzuki Flat Fading
Channel. 10SR Journal of Electronics and Communication
Engineering (IOSR-JECE), Volume 13, Issue 2, Ver. Il, March-
April 2018, PP 40-60

Mfeze, M. & Tonye, E. (2015). Comparative Approach of
Doppler Spectra for Fading Channel Modelling by the Filtered
White Gaussian Noise Method. International Journal of Computer
Science and Telecommunications, Volume 6, Issue 11, December
2015.

SHOM, (2024) https:// maree.shom.fr/ harbor/ DOUALA/
hlt/1?date=2024-08-07 &utc=1.

© The Author(s) 2025. This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



