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Abstract: Saltwater intrusion is an essential problem in estuaries that can threaten the ecological
environment, especially in high-salinity situations. Therefore in this paper, traditional multiple linear
regression (MLR) and artificial neural network (ANN) modeling are applied to forecast overall and
high salinity in the Lower Scheldt Estuary, Belgium. Mutual information (MI) and conditional mutual
information (CMI) are used to select optimal driving forces (DFs), with the daily discharge (Q),
daily water temperature (WT), and daily sea level (SL) selected as the main DFs. Next, we analyze
whether applying a discrete wavelet transform (DWT) to remove the noise from the original time
series improves the results. Here, the DWT is applied in Signal-hybrid (SH) and Within-hybrid (WH)
frameworks. Both the MLR and ANN models demonstrate satisfactory performance in daily overall
salinity simulation over the Scheldt Estuary. The relatively complex ANN models outperform MLR
because of their capabilities of capturing complex interactions. Because the nonlinear relationship
between salinity and DFs is variable at different locations, the performance of the MLR models in
the midstream region is far inferior to that in the downstream region during spring and winter. The
results reveal that the application of DWT enhances simulation of both overall and high salinity in
this region, especially for the ANN model with the WH framework. With the effect of Q decline or SL
rise, the salinity in the middle Scheldt Estuary increases more significantly, and the ANN models are
more sensitive to these perturbations.

Keywords: salinity; multiple linear regression; artificial neural network; wavelet transform;
sensitivity analysis

1. Introduction

As transition zones between the river and the sea, estuaries are particularly vulnerable
to saltwater intrusions [1]. Many aquatic organisms are adapted to a specific salinity range,
making these ecosystems highly sensitive to salinity changes. The high variety in the
estuarine environment presents challenges to the physiology of organisms, with different
aquatic communities divided along salinity gradients [2]. In recent years, intensive human
activities such as damming and urbanization have significantly changed the natural pattern
of the coastal areas and further influenced the ecological environment [3]. In addition,
global sea levels are rising at an unprecedented rate due to human-caused global warming.
This not only brings coastal flood damages but also intensifies saltwater intrusion [4].
Therefore, long-term accurate and reliable overall and extreme salinity estimations are
important and necessary for identifying the general characteristics of salinity and mitigating
the negative influences of saltwater intrusion in estuaries.

Two popular approaches could be adopted for salinity modeling, namely, numerical
hydrodynamic models, in which the main physical processes are considered (e.g., [5,6]),
and data-driven (DD) models, in which empirical observations are used to identify the
relations between salinity and the main driving forces (DFs) (e.g., [3,7]). Numerical hy-
drodynamic models allow for exploration of the hydrodynamic mechanisms of saltwater
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intrusion, and have obtained desirable results. However, they are computationally in-
tensive and require many different types of field data along with considerable effort to
calibrate the model parameters [8]. As an alternative, a DD model with a shorter calculation
time and requires fewer information requirements could be developed. Unlike physical or
deterministic models, which are based on the underlying physical principles and equations
governing the hydrological processes, DD models derive patterns and relationships directly
from the data without explicit incorporation of the underlying physical principles [1].

To develop a DD model, sufficient empirical observations that cover the spatial and
temporal variations of the salinity are needed. Establishing an appropriate initial pool
of DFs is the fundamental basis for achieving a dependable outcome [8]. This initial set
of DFs can be determined by considering prior knowledge of saltwater conditions, data
availability, and their relevance to the specific study area [9]. The dispersion process of
salinity, where tidal surges drive saltwater into the estuary, resulting in increased salinity,
can be influenced by a series of factors [7,10,11], while freshwater inflows can dilute the
salinity in the estuary [7,12]. Within the estuary, these salinity concentrations are highly
varied depending on the tidal movement from the sea (e.g., sea level, tidal range) [13],
the upstream freshwater inflows [14], the location, and some other factors [15]. Taking
into account previous research experience [1,13] and the geographical and hydrological
characteristics of the Scheldt Estuary [16], five variables are considered as the potential
DFs: discharge (Q), water temperature (WT), sea level (SL), wind speed (WS), and air
temperature above 1.5 m (AT).

Traditional DD models offer simplicity and interpretability, while machine learning
models provide flexibility, scalability, and the ability to capture complex relationships [17].
The choice between these approaches depends on the specific requirements of the hydrolog-
ical problem at hand, including the complexity of the system, available data, computational
resources, and need for interoperability. As a traditional statistical methodology, multiple
linear regression (MLR) can be used to simulate the salinity condition based on regression
relations with multiple DFs. However, numerous studies have shown that the relations
between salinity and the DFs are highly complex and typically nonlinear [3,18]. To allevi-
ate this problem, various basic data preprocessing methods (e.g., exponential transform,
Box-Cox transform) have been introduced before building the MLR model. Exponential
and power-law regression equations were applied to analyze the discharge—salinity re-
lationships in the Pearl River estuary, achieving desirable results [12]. Considering that
salinity diffusion is a temporally and spatially continuous physical hydrological process,
a process-based empirical model was built using the moving average flow for salinity
management in the upper Delaware Estuary [19]. The above examples show that simple
data preprocessing can greatly improve simple empirical models at low cost. In this study,
the natural log transformation and forward moving average methods are applied to Q for
data preprocessing.

In a different approach, machine learning allows higher-order nonlinear fitting, and is
known for its efficiency when learning from data with minimal human intervention. Many
researchers have used machine learning to model nonlinear hydrological processes over the
past decades. In [20], four machine learning algorithms were used to predict the location
and extent of salt-influenced areas, including decision tree, k-nearest neighbor, random
forest, and support vector machine. In [21], an analysis with a feed-forward artificial neural
network (ANN) model with quick propagation was carried out under different pumping
frequencies to forecast the groundwater salinity.

One of the main problems in using these DD approaches is the presence of data noise
from inputs [17]. To remove noise, several methods are already available, such as the
discrete wavelet transform (DWT) [22], empirical mode decomposition [3], and empirical
orthogonal function analysis [11]. The popularity of DWT-based approaches stems from
their capacity to concurrently reveal both spectral and temporal information within a
signal [23]. As an advanced preprocessing technique, the DWT offers valuable decom-
positions of primary time series, enhancing the model’s efficacy by capturing pertinent
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information across different resolution levels and providing a more coherent structure [24].
Recently, the DWT has been widely used in conjunction with ANNSs and other machine
learning algorithms for hydrological and water resource forecasting [25,26]. There are two
frameworks for coupling DWT in DD models; one is the ‘Single-hybrid’ (SH) framework,
where only the DFs are decomposed, and the other is the “Within-hybrid” (WH) framework,
where both the target and DFs are decomposed [27].

To date, most studies have considered advanced decomposition methods in com-
bination with machine learning models instead of traditional statistical models [28-30].
Simultaneously, numerous studies have solely relied on overall salinity as the final indi-
cator [3,31], overlooking extremely high salinity values. However, high salinity levels are
one of the main factors that most strongly influence the survival of aquatic organisms and
surrounding environments [32]. Therefore, in this paper an advanced DWT approach is
used in combination with both statistical and machine learning methods to assess both
overall salinity and high salinity. In total, six DD models for salinity simulation are devel-
oped and systematically compared, including MLR, ANN, MLR-DWT with the SH and
WH frameworks, and ANN-DWT with the SH and WH frameworks. This analysis aims to
discern the strengths and weaknesses of each model, offering valuable insights for selecting
appropriate models in similar studies. The most important DFs are selected, six models
are constructed, and then the performance regarding overall and high salinity levels is
discussed. Lastly, the models’ structural reliability is verified through sensitivity analyses.

2. Study Area and Data
2.1. Study Area

The Scheldt estuary, located in Belgium, was chosen for a case study. The international
Scheldt River originates in the north of France and flows through western Belgium and
the southwestern part of The Netherlands to the North Sea (see Figure 1). The river is
rain-fed by a catchment of approximately 21.863 km?, and can be divided into the non-
tidal Upper Scheldt and the tidally influenced part, which extends from its mouth to the
weirs/sluices in Ghent. As a macrotidal and relatively turbid estuary, its mean depth varies
from about 14 m at the mouth to 7 m near Gent. The tidal wave also enters the major
branches, providing the estuary with approximately 235 km of tidal river. The Belgian part
of the estuary (105 km) forms a single tidal channel, which is bordered by relatively small
mudflats and marshes [16]. In this study, only the Lower Scheldt estuary is considered due
to data availability.

With the transition between fresh and salt water being particularly variable, the salinity
intrusion limit migrates along the river [33]. A polyhaline zone and a mesohaline zone
in turn extend from the North Sea to the Dutch/Belgian border. The section between the
border and Antwerp is characterized by a steep salinity gradient [16]. Upstream of Gent
belongs to the freshwater tidal zone, where the salinity varies between 0 and 0.5 psu.

2.2. Data

Publicly available data (https:/ /www.waterinfo.be/ accessed on 5 December 2023)
of Salinity, Q, SL, WT, AT, and WS were collected in this study. There are ten stations
available for Salinity and WT, of which nine are distributed along the main river and the
other is located along the tributary Rupel. Table 1 provides an overview of all stations and
their statistical characteristics with regard to salinity. It can be seen that the daily average
salinity decreases from outlet to inland. In this area, only one Q station exists, ‘Melle” (also
S station), which is located around 99.3 km upstream of the outlet. For better simulations,
a nonparametric DD approach was used to obtain estimations of the river discharges at
the Salinity stations [34] by applying interpolation based on the contributing runoff area.
The SL refers to the daily water level observed at the downstream ‘Prosperpolder” station.
The WS and AT station ‘Melsele’ is located near Antwerp.
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Figure 1. The Scheldt Estuary and locations of meteorological and salinity stations.

Table 1. Overview of salinity stations and statistical characteristics in the Scheldt River Estuary.

. Distance Sample Salinity [psul
Station Name [m] Size Sth  25th  soth . 75th  95th
Prosperpolder 3100 2378 4.67 7.91 11.12 14.21 17.28
Lillo Meetpaal-Boven 7600 2117 4.06 7.98 11.09 14.53 16.73
Liefkenshoek Veer 10,530 1316 2.50 5.88 10.29 13.22 17.18
Oosterweel-Boven 22,410 2168 1.02 2.53 457 7.25 10.42
Kruibeke 33,330 2403 0.36 0.73 1.68 3.46 6.04
Hemiksem 37,100 2518 0.34 0.53 0.96 2.08 4.10
Klein Willebroek 46,646 1611 0.29 0.39 0.52 0.83 1.73
Weert 51,400 1824 0.35 0.43 0.53 0.86 1.92
Schellebelle 89,200 2108 0.36 0.42 0.46 0.49 0.53
Melle 99,300 2538 0.34 0.41 0.45 0.49 0.57

Considering that Flanders has experienced several droughts over the period from 2018-2020,
which can intensify the saltwater intrusion problem due to increased evaporation [35],
the study period was chosen from 2016 to 2022. To ensure structural validity, a similar data
splitting scheme was applied; a random 70% data subset was selected for calibration and
the rest was used for validation. The chosen calibration data for each station remained
constant during the entire model calibration process.

3. Methods
3.1. Selection of Driving Forces

By applying appropriate data preprocessing techniques, the dataset can be made more
suitable for calibration. This helps to ensure optimal performance and generalizability of
DD models, which needs to be carried out prior to the selection. Natural log transformation
can help to normalize the distribution of Q, which occurs in the first step. An X-day average
moving Q, where the initial X ranges from 1 to 100, is applied to build the relation between
its changes with salt intrusion [36].
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The dependency between two factors is measured by the Mutual information (MI),
and mutual information conditioned on a given factor is calculated using the conditional
mutual information (CMI) [37]. These two filters, MI and CMI, have been widely used for
uncertainty analysis in hydrology [27,38]. In this study, the initial DFs are Q, WT, SL, WS,
and AT. Considering the independence from and coupling ability with regression models,
these ‘filter” algorithms are adopted to choose the final optimal DFs [9]. The MI of X and Y
is provided as follows [29]:

MI(X;Y) = H(X) — H(X|Y) (1)

where the entropy H(X) is an estimate of the uncertainty of the random variable X. The con-
ditional entropy H(X|Y) indicates the remaining uncertainty of X after Y is known. A high
MI(X;Y) value means that X and Y are highly related, and vice versa.

To overcome the potential problem of redundancy and conditional irrelevance, one
(a group of) other factor is set as condition(s) to calculate the CMI during selection [39].
The CMI between X and Y conditioned on Z is provided as follows [29]:

CMI(X;Y|Z) = H(X|Z) — H(X|Y, Z) )

where H(X|Z) equals H(X|Y,Z) when Y and Z have same information and CMI(X;Y|Z)
is non-negative. In this study, the first DF and the corresponding optimal moving average
days are selected based on the highest MI. Afterwards, CMI is applied to select the other
DFs. The specific procedures for computing the MI and CMI are as outlined in previous
studies [1,40].

3.2. Multiple Linear Regression (MLR)

MLR is a statistical methodology employed to leverage a collection of explanatory
variables for simulating the outcome of a response variable. The fundamental objective un-
derlying MLR is the modeling of linear associations between explanatory variables, which
are independent in nature, and the response variable, which is dependent. The equation
can be represented as follows [24]:

Y = “+‘8le +..-+ﬁan (3)

where Y is the target object, X; to X, represent all external DFs, 81 to 8, are their corre-
sponding regression slopes, and « is the intercept. The coefficients are determined using
the least squares method. To account for the nonlinear relationship between salinity and
the DFs, a natural logarithmic transformation is applied to the DFs.

3.3. Artificial Neural Network (ANN)

ANN:Ss offer several advantages, including the ability to function effectively with mod-
est data prerequisites, rapid computational execution, and the capacity to generate models
that elucidate complex input-output relationships [25]. The multilayer perceptron (MLP)
network, featuring a feedforward back-propagation (BP) network structure, represents a
widely utilized paradigm in water science applications [28]. An ordinary ANN typically
comprises three layers: the input layer, the output layer, and one or more hidden layers.
The input is linked to the neurons in the intermediate layer through varying weights, then
these intermediate neurons are further linked to the output layer through varying weights.
More details about the MLP network can be found in [41]. ANN models with only one
hidden layer have proven to be sufficient for hydrology applications [1]. Therefore, in this
study we selected a three-layer BP model structure after comprehensive consideration of
accuracy and computational time cost.

Standard neural network training methods involve modifying the weights and biases
within the network to reduce a measure of ‘error’ in the training samples, typically charac-
terized as the sum of squared variances between the network predictions and the desired
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target values [41]. The logistic sigmoid activation function is chosen to calculate the output
of each neuron in the hidden layer, while the linear activation function is used for the output
layer. As one of the fastest methods for training ANN models, the Levenberg-Marquardt
(LM) backpropagation algorithm is used, with the root mean square error (RMSE) as the
objective function (see Equation (6)). More details about the LM method can be found
in [42].

To construct an effective network, the primary goal is to refine its architecture to
accurately capture the relationships between input and output variables. The key step
involves determining the appropriate number of neurons in the input and output layers,
which should align with the specific variables used to model the physical process [28].
Optimization relies on the available data, often employing trial-and-error techniques [24].
The practical development of ANN models often begins with training to optimize connec-
tion strengths, followed by testing with a distinct dataset. Normally, smaller networks have
slightly poorer predictive validation but a better and more stable structural response [43].
In this study, we explore a range of alternative values from 2 to 20 for the number of hidden
neurons, for which we used the Neural Networks toolbox in Matlab.

3.4. Discrete Wavelet Transform (DWT)

A wavelet transform is applied, as both MLR and ANN models can be sensitive to
noise. Thus, the original time series are decomposed into multiple frequency components
to reach more stable variances and/or fewer outliers [44]. Two types of wavelet transform
exist, namely, the continuous wavelet transform (CWT) and DWT [28]. Because the DWT
is more desirable in hydrology due to its lower computational time and simpler applica-
tion, it is used here. In the DWT, the data are subjected to a process in which they are
passed through a pair of low-pass and high-pass filters, resulting in decomposition into
approximation and detail components [25]. Afterward, the approximation components
undergo a similar filtering cycle, producing another set of approximation (4;) and detail
(D;) components. This iterative process persists until the desired level of decomposition is
achieved. The DWT is provided as follows [41]:

C(t) = — >‘P{ ey @

(s3' (s3')

where ¥, , (t) represents the mother function ¥ (t) at scale m and position n. Normally,
the parameters S, and 1, are taken to equal 2 and 0, respectively. This representation
captures the fundamental principle of the DWT, involving the decomposition of a signal
into different scales and positions.

The Haar wavelet is chosen as the foundational wavelet basis for constructing DD
models in this study, as it has the exceptional property of concentrated presence within the
narrowest spectral band, thereby demonstrating notable capabilities in terms of localizing
information [45]. In addition, its superior time localization and compact support make
it effective for capturing and distinguishing variations in time series data [1], which can
be of high relevance for daily salinity time series due to their transient patterns, short-
term memory, and notable fluctuations. After a thorough exploration of the predominant
features [22], the depth of decomposition was set to six in this study (A1, Az, Az, D1, D»,
and Dj). This work was carried out using the ‘wavelets” package in R [46].

Integrating the DWT in a DD model can be accomplished through two frameworks,
namely, the SH (Single-hybrid) and WH (Within-hybrid) frameworks [27]. It is crucial to
consider both frameworks, as they may yield varying accuracy. In SH framework [28], only
the input variables are decomposed into subseries (A; and D;), with an input selection
method (e.g., MI) used to determine the optimal inputs (A; or D; for each DF) in order to
construct a single model (e.g., MLR or ANN). In the WH framework [47], both the input
and target variables are decomposed into subseries. The optimal inputs for each target
component are selected, and a dedicated model is trained separately for each component.
Afterwards, an ensemble method integrates the simulated components for the final results.
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There are three types of ensemble methods in the literature: direct addition (DA), MLR,
and ANN ensemble algorithms [1]. As a simplified MLR method, DA incorporates all mod-
ules directly; however, the outcomes are always inferior compared to the straightforward
application of MLR. Hence, in this study MLR is used for the MLR-DWT model and ANN
is used for the ANN-DWT model.

3.5. Model Evaluation

The performance of the models was evaluated using the following indexes: the Nash-
Sutcliffe model efficiency coefficient (NSE), the root mean squared error (RMSE), and the
relative error (RE) [29,48]:

_ 1 Lia(0i-R)?
NSE =1 N (0, P2 5)
Z (Oi - Pz)
i=1 N (6)
i 1) x 100% 7)

i

where N is the length of the time series, O; is the observed daily salinity, P; is the predicted
daily salinity, and P represents the mean predicted daily salinity.

4. Results
4.1. Selection of DFs

The initial DFs included the natural log-transformed X-day forward moving averaged
Q, WT, AT, SL, and WS. First, the best moving average window (1 to 100 days) for natural
log-transformed Q was determined based on the highest MI value between it and the
salinity for each station, as shown in subplot (a) of Figure 2. Generally, the optimal moving
average day decreases from downstream to upstream. Near the outlet area, where the Q
and S vary largely, the moving windows are around 70 days. A rapid decline is apparent in
the middle part from 70 to 30 days, where the tidal effect becomes weaker. In the upstream
areas, where salinity concentration is lower than 0.5 psu all year round, it remains below
20 days.

From top to bottom, Figure 2 shows MI values in subplot (b), CMI1 values in subplot
(c), and CMI2 values in subplot (d) between the observed daily salinity and these DFs from
downstream to upstream. The selection of DFs was determined based on the highest MI,
CMI1, and CMI2 values. As the MI values of processed Q are obviously greater than the
other four factors in subplot (b), Q was chosen as the dominant DF. The MI values for the
other DFs are about half those for Q, but bigger than 0, which indicates that the salinity
dispersion is also related to WT, SL, WS, and AT, although not as strongly.

The CMI1 values for the other four DFs conditioned on Q are shown in subplot (c).
WT was selected as the second DF because of its relatively higher CMI values. Compared
with AT, higher CMI1 values of WT can more directly affect the salinity diffusion. The
CMI2 values for SL, WS, and AT conditioned on Q and WT are shown in subplot (d), it can
be seen that all CMI2 values are close and small, which means that the mutual information
between salinity and these three factors is similar. Because SL is slightly higher, it was
chosen as the third DF. Unlike the decrease in MI values when moving inland, there is no
obvious trend at the spatial scale for CMI1 and CMI2; hence, the X-day moving averaged
natural log-transformed Q, WT, and SL were considered as the final input variables for
modeling in this study.
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Figure 2. The top panel indicates the optimal moving averaged days for log-transformed Q. The bot-
tom panel shows MI, CMI1, and CMI2 values between the observed salinity and DFs (Q, WT, SL, WS,
and AT) for the ten stations.

4.2. Results of Models

This study considers six DD models (see Figure 3). Each model differs from the other
regarding the used technique (MLR or ANN) and DWT ensemble framework (SH or WH).
Figure 3 presents the performance of the six models from upstream to downstream during
the calibration and validation periods. The evaluation metrics of NSE and RMSE are
calculated to assess the simulations spanning from the outlet to upstream.

In general, the simulation results from ANN models are much more accurate than MLR
in both calibration and validation periods, with higher NSE and lower RMSE. As mentioned
above, there are two main frameworks for coupling DWT in MLR and ANN models.
With the SH framework, the performance of the models ‘MLR-do” and “ANN-do’, which
utilized the original salinity time series and decomposed DFs, does not exhibit any notable
improvement in comparison to the ‘"MLR-00” and “ANN-00’ models. This indicates that
applying the DWT solely to the DFs does not manifest as conspicuously as anticipated
in this study. When juxtaposing ‘MLR-00” and ‘"MLR-dd’ with “ANN-o0” and “ANN-dd’,
it becomes obvious that the outcomes achieved when implementing the WH framework
surpass compared those for the models that use the SH framework. The ‘ANN-dd’” model
performs best during the calibration period, with an NSE over 0.56 and RMSE lower than
1.13. A slight reduction in performance is observed in the validation accuracy, with NSE
over 0.5 and RMSE lower than 1.12, though it remains within an acceptable and plausible
range. Similarly, the simulation results of MLR simulation using DWT are better than
‘MLR-00" and ‘MLR-do’, although the improvements are not as obvious as for ANN.

As presented in Figure 3, the NSE values decrease from downstream to upstream for
the MLR models, which decrease from 0.89 to 0.39 during the calibration period, and this
trend remains for the validation dataset from the '"MLR-00" model. In subplots (b) and (d)
for RMSE, an obvious spatial decreasing trend from downstream to upstream is observed,
which is mainly due to the decreasing average salinity concentration along the river channel.
Noticeably, a steep increase in RMSE is shown at the station "Liefkenshoek Veer’, with a
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high RMSE value of 1.46 (1.4) during the calibration (validation) period. This is caused by
excessive missing data leading to multiple discontinuities in the time series, making the
sample size about half or less that of the other stations in Table 1.

(b) RMSE during calibration
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Figure 3. Performance statistics (NSE and RMSE) for salinity simulations for the ten stations using
six DD models during calibration and validation periods. The maximum NSE and Minimum RMSE

values per station are highlighted in black.

Figure 4 provides the observed and simulated salinity time series plots with six models
at station ‘Prosperpolder’, which is only 3100 m away from the river mouth. Salinity
concentrations at this station are very high, with peaks reaching 19.5 psu. Moreover,
the correlations between salinity and the DFs are robust, which can be seen from the
high MI and CMI values in Figure 2. Consequently, all DD models perform well at this
station, showing high NSE and low RMSE in Figure 3. The time series plots in Figure 4
(the left panel in each subplot) reveal that these models exhibit a commendable and stable
capacity to capture salinity variations, particularly the timing of rising and falling salinity.
From the scatter plots in the right panel of each subplot, part of the data points from MLR
models (in subplots (a), (b), and (c)) are significantly below the identity line, exhibiting
a trend of underestimating the high values. The ANN models perform better in both
the simulation and verification periods, where the problem of peak underestimation is
significantly improved. With combined DWT, the overall scatters from “ANN-dd” are much
more densely distributed around the identity line, indicating better performance compared
with “ANN-o00’, where the NSE increases from 0.92 to 0.94, RMSE decreases from 1.11 to
0.95, and MAPE decreases from 8.28 to 7.18 during the validation period.
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Figure 4. Simulated and observed daily salinity time series at station ‘Prosperpolder” using six
models during calibration and validation periods. The right panel shows time series plots. The left
panel shows scatter plots, where NSE, RMSE, and MAPE are calculated for calibration (in red) and
validation periods (in grey).

The simulations from station ‘Kruibeke” are shown in Figure 5, which is 33,330 m
away from the river mouth. Corresponding to Figure 3, the MLR models perform much
worse than the ANN models in the middle reaches. The high salinity values are greatly
underestimated, especially the three extreme values at around 8 psu shown in Figure 5,
which are underestimated by about one-third. However, most low and medium values
are overestimated except for a few extremely low salinity values. Considering the non-
negativity of the salinity concentration, all negative simulations were set to 0. Although this
high-value underestimation still exists in the ANN models, it is greatly improved, and
the low-value simulations are also much better than for the MLR models.

In the area downwards from station “Weert’, the simulation results of the ANN models
far exceed the MLR performance of NSE > 0.75 [49]. All NSE values are greater than 0.85
in both the simulation and validation periods. Farther upstream, the effect of seawater
intrusion diminishes while the impact of freshwater influx into the sea intensifies, resulting
in a weakened correlation between these DFs and salinity. This amalgamation of factors
contributes to the subpar simulation outcomes of the DD model at the upstream stations
‘Melle” and ‘Schellebelle’, with all NSE values below 0.6, which is also consistent with the
low MI values in Figure 2. Note the consistently low salinity levels upstream, which vary
between 0.3 and 0.6 psu throughout the year. With the standard water supply limit being
typically set at 0.5 psu and the limited influence on the nearby aquatic ecosystem and water
abstractions, there is no requirement for high precision at these two stations.

Analyzing seasonal patterns aids in ecosystem management and conservation efforts.
Figure 6 shows the Taylor diagram of the six models over the four seasons of the validation
period. The seasonal results from the ANN models are closer to the observed data than those
from the MLR models, among which the ANN-dd model has the best performance with
relatively low centered-RMSE. In addition, most of the points are located within the black
dashed arc (normalized standard deviation = 1), indicating that their variations are smaller
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than observed. It is noticeable that the pattern of variations at these midstream stations
(stations Kruibeket, Hemiksemt, Klein Willebroek, and Weert) have larger amplitude
compared with the patterns observed during spring and winter. The performance of
MLR models reveals notable success during the summer and autumn, while simulation
capabilities are largely limited at most midstream stations during the spring and winter.
The scatters representing the ANN models are more concentrated, and perform better
all year round.
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Figure 5. Simulated and observed daily salinity time series at station “Kruibeke” using six models
during calibration and validation periods. Other information is the same as in Figure 4.
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Figure 6. Taylor diagram of seasonal salinity simulation for the ten stations using six models during
the validation period.

4.3. Percentile Analysis

To investigate the simulations of high salinity along the studied river, the RE between
observations and simulations during the validation period at different percentiles are
compared in Figure 7. In evaluating simulations of the 50th (median), 75th (upper quartile),
95th, and 99th (extremes) percentiles of salinity by the six models, almost all models
consistently overestimated the 50th percentile salinity. In contrast, simulations of the 95th
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and 99th percentile salinity were significantly underestimated. It is noticeable that the
simulation of the 75th percentile salinity exhibited slight biases, indicating higher accuracy.

(b) 75th percentile
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Figure 7. RE between simulated and observed salinity at the 50th, 75th, 95th, and 99th percentiles
from the six models during the validation period. The lowest RE values among the six models per
station are shown in bold.

Because of the low average salinity and small variations for the two upstream stations
‘Melle” and ‘Schellebelle’, these two sites were not included in the percentile comparison.
In the 50th percentile analysis from subplot (a) of Figure 7, the RE values by the MLR
models increase from 1.15% to 50.47% from downstream to upstream for the MLR-00 model.
There is no obvious spatial feature for the ANN-dd model, with the RE varying between
—0.25% and 5.17%. From the percentile heatmaps at the 95th percentile in subplot (c) and
99th percentile in subplot (d), underestimation becomes more pronounced when moving
downwards along the river. Surprisingly, the biggest overestimation with RE of 50.05% at
the 50th percentile is more severe than the biggest underestimation with RE of —32.05% for
extremely high 99th percentile values.

The best model for each station is highlighted in Figure 7 in bold. The ANN models
perform better in different percentile analyses than the MLR ones. As the percentile
increases, the number of stations with the ANN-oo model as the optimal model continues
to decrease from 4 to 1, while the number for ANN-dd models reaches the largest at the
99th percentile. The simulations for extremely high values improve as the model becomes
more complex, which can be mutually confirmed from the previous time series and scatter
plots in Figures 4 and 5.

4.4. Sensitivity Analysis

The sensitivity of DD models is evaluated by perturbing the corresponding DFs. Two
scenarios, S1 (5% decrease of Q) and S2 (increase of WL by 0.3 m), were included to test
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how the salinity changes when disturbing different DFs. The RE values between historical
and perturbed scenarios for the whole study period are calculated in Figure 8.
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Figure 8. RE between the perturbed scenarios and original simulations from the six models during
the whole study period.

In subplot (a) of Figure 8, the RE values are above 0 in scenario 51, indicating that the
salinity increases as Q decreases. The salinity variations show a trend of first increasing and
then decreasing from downstream to upstream, which is especially obvious in the ANN
models. For most of the stations, the modeled salinity is expected to increase between 3%
and 6% for MLR models and the change range is between 3% and 9% for ANN models,
with the main difference concentrated in the middle reaches of the river. In the previous
model evaluation shown in Figure 3, the ANN models performed significantly better in the
middle reaches which is the main reason for this difference in the sensitivity analysis.

Subplot (b) shows the salinity response to SL perturbation of 0.3 m. When SL rises,
salinity intrusion becomes relatively intensified. The overall RE values corresponding to
most simulations are greater than 0. The spatial variations in RE also show a trend of first
increasing and then decreasing in scenario S2. Except for the two most upstream stations,
the RE values from the ‘"MLR-00" model are all greater than 0, fluctuating between 0 and 10%;
however, there are negative RE values in nearly half of the simulation results from the ‘MLR-
do” and ‘MLR-dd’ models. This means that application of the DWT increases the uncertainty
of the MLR models, making them unsuitable for salinity prediction under changing climate
conditions. Except for a small number of low salinity values corresponding to RE less than
0, the simulated RE values for mean salinity events from “ANN-00" and “ANN-dd” are both
greater than 0, ranging from 0 to 20%, while the performance of ‘ANN-do’ is relatively poor.
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5. Discussions

The imperative to ascertain salinity variations has been a longstanding concern,
prompting contemporary investigations to employ diverse methodologies in temporally
distributed salinity estimations at uncharted points [7,50]. This study utilizes and compares
traditional statistical MLR and machine learning ANN methods to model daily salinity
along the Scheldt Estuary in Belgium. To improve the models, the DWT is combined in
two different frameworks, namely, SH and WH. In total, six models were constructed.

Optimal DFs serve as the foundation for guiding execution and advancing towards
a dependable and accurate model output [8]. The forward moving averaged natural
log-transformed Q is highly related to the salinity concentration, with moving windows
ranging from 70 to 20 days along the Scheldt Estuary in Figure 2. In [51], it was pointed
out that daily salinity concentrations are highly related to 30-day to 60-day averaged Q
with least-squares regression near the Conowingo Hydroelectric Project at the mouth of the
Susquehanna River, with the conclusions for the range of moving windows being almost
consistent. Other studies have found that Q is the best salinity predictor for long-term
salinity simulation [12,31]. Due to the certain correlation between WT and salinity, high-
salinity events are relatively common during periods of high temperature and drought [3].
Studies indicate that the mixing of salinity can be related to the wind by altering salinity
stratification [13,52], which is confirmed by the MI of WS being greater than 0. In addition,
higher MI values can be observed in Figure 2 for all the DFs near the river mouth compared
with the upstream area, which is consistent with the spatial distribution pattern of salinity
concentration [10]. The DFs for salinity vary across different basins due to the distinct
hydrological and geographical characteristics in previous studies [1,10,13]. In the case
of the Scheldt Estuary, DFs of Q, WT, and SL were determined by the highest MI, CMI1,
and CMI2 values.

Based on different calculation principles, this study involves the following six models
with different simulation accuracy and construction difficulty: ‘MLR-o00’, ‘"MLR-do’, ‘MLR-
dd’, “ANN-00’, ‘ANN-do’, and “ANN-dd’. Among these, the ‘'MLR-00" model stands out as
the most straightforward to construct. As a conventional DD model, MLR models boast
simple construction, ease of use, and acceptable simulation accuracy in many cases [12,24].
Despite ‘"MLR-00" exhibiting notable deviation from the observations, it is imperative
to underscore that the majority results evince a robust NSE above 0.68 at most stations
in the estuary, which meets the ‘satisfying’ standard of NSE > 0.36 [49]. The “ANN-o0’
model is a basic machine learning model with NSE above 0.88 and RMSE less than 1.64, a
considerable improvement compared to the MLR models. This finding further underscores
the intrinsic capacity of the ANN methodology to effectively capture the intricate nonlinear
relationships between the independent and dependent variables [39].

From the heatmap of NSE and RMSE in Figure 3, the MLR models perform almost as
well as the ANN models at downstream stations (stations Prosperpolder, Lillo Meetpaal,
Liefkenshoek, and Oosterweel-Boven); however, their simulation accuracy is largely lim-
ited in the middle reaches (stations Kruibekes, Hemiksem, Klein Willebroek, and Weert).
Specifically, comparing the results at the downstream Prosperpolder station in Figure 4
and the midstream Kruibeke station in Figure 5, the ‘bending’ shape of the scattered point
distribution in the later station suggests that the relationship between salinity and DFs
applicable to the former station is not optimal in this location. Thus, further testing was
conducted using the natural log-transformed salinity instead of the original time series
to calibrate the parameters of the MLR models. This adjustment greatly improved the
simulation accuracy over the midstream reaches (e.g., NSE increases from 0.8 to 0.87 at
Kruibeke station during validation), while leading to deteriorated simulation accuracy
over the downstream reaches (e.g., NSE drops from 0.9 to 0.8 at Prosperpolder station
during validation). Because the areas affected by high salinity (downstream) deserve more
attention, this change is not adopted here. For further enhancement of simulation accuracy,
readers may contemplate the substitution of more state-of-art models in [20,53].
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It is important to note that the relationship between DFs and salinity can be influenced
by geographical factors [54] such as river topography, vegetation cover, and precipitation
patterns, leading to uncertainties in salinity distributions. Different types of human activ-
ity [55,56] such as agriculture, industry, and transportation can also contribute to changes
in the relations between salinity and DFs in rivers. In the Scheldt River Estuary, the lower
reaches after passing through Antwerp have widening water surfaces with a complex
network of natural waterways and artificial channels, as shown in Figure 1. In contrast,
the midstream area belongs to relatively natural river nets. These significant differences
between downstream and midstream partly contribute to different performances in the
middle and downstream areas with the same fixed-form MLR models, implying that the
fixed regression equation can hardly be applied to the entire Scheldt Estuary, even with
different coefficients. In Figure 6, the main difference in MLR models compared with
the ANN models occurs over the midstream stations with relatively high centered RMSE
during spring and winter. This also corresponds to overestimated middle—low salinity
simulations in Figure 5 and positive RE at the 50th percentile salinity in Figure 7. Therefore,
if we only focus on high salinity, this problem can be avoided by extracting high values in
advance and then analyzing them through MLR modeling.

A general consensus exists that the DWT can increase the correlation between input
and output variables and improve DD models [27,29,44], which explains the superior-
ity of ‘MLR-dd” and “ANN-dd’” models in the calibration periods. From the statistical
indexes, except for the two most upstream stations in Figure 3, in comparisons between
‘ANN-00" and ‘ANN-dd’ (NSE increases around 0 to 0.03, RMSE decreases around 0 to
0.07), the application of DWT has a more pronounced positive impact on enhancing the
simulation accuracy of the ANN machine learning mythology (see the performance of
‘MLR-00” and ‘MLR-dd": NSE increases around 0 to 0.02, while RMSE decreases around 0
to 0.05). Overall, the application of the DWT improves the accuracy slightly in these DD
models, which is most likely because the dominant DF of Q has already undergone data
preprocessing (forward moving average method and natural log transformation). This
proves that appropriate data preprocessing can largely reduce data noise and simulation
complexity, thereby improving the simulation accuracy of DD models.

Except for the overall salinity simulation, high salinity in estuaries is a critical factor
that shapes the ecology, biodiversity, and overall functioning of these dynamic environ-
ments [57]. Due to its straightforward linear features, MLR models struggle to effectively
balance overall simulation and accurate representation of extreme events, as found in
previous analyses [1]. The negative RE at the 99th percentile in Figure 7 indicates that all
mentioned DD models consistently underestimate the extreme values, a trend consistent
with the findings of [26]. While considering the overall simulation effect, the simulation
accuracy for the low proportion of high salinity is inevitably affected. This is one of
the main reasons for previous studies choosing to divide the dry and wet seasons in ad-
vance [52,56]; however, this may lead to a discontinuity between the alternation of seasons.
In addition, application of the DWT improves high-salinity simulations when comparing
RE values from the MLR models (‘MLR-00" vs. ‘"MLR-dd") and ANN models (‘“ANN-00" vs.
‘ANN-dd’). Although underestimation remains present, it is been alleviated to an extent.
This study also reports that the ANN model coupled with DWT can help to reduce the
typical overestimation of low salinity and underestimation of high salinity in comparison
with the basic ANN model [1]. Hence, integration of the DWT is highly recommended for
high-salinity simulations in the Scheldt Estuary.

Sensitivity analysis represents a robust methodology for evaluating model structure
and determining the key parameters influencing model behavior [58]. In this study, we
tested the DD models’ physical plausibility by decreasing Q (adding SL), where the salinity
of each station increased to varying degrees due to the reduced dilution (strengthened
seawater encroachment). Similar results can be found in the sensitivity analysis from [43].
Previous research has also demonstrated that discharge reduction can increase saline intru-
sion under future drought scenarios [13,59]. The predicted increment of salinity decreases
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from upstream to downstream, whereas the percentage variable of RE more clearly shows
the relative impact of DFs disturbances along the river network. From the RE, which first
increases and then decreases from downstream to upstream in Figure 8, it can be observed
that the salinity in the midstream area is more sensitive to disturbances in both Q and SL.
This longitudinal salinity pattern mentioned above has also been identified in certain 3D
salinity modeling studies [60,61], which is due to the weaker vertical stratification under
SL rise or decreased freshwater scenarios. The ANN (MLR) models exhibit heightened
sensitivity, leading to notable fluctuations in RE of 0% to 10% (0% to 6%) under S1 and RE
of —5% to 20% (—5% to 10%) under S2. Considering that the simulation accuracy of ANN
models is higher, the predicted variation range is more reliable. Furthermore, the analysis
reveals many negative RE values in predicted salinity by the ‘"MLR-do” and “ANN-do’
models with the SH framework under S2. This observed trend contradicts the anticipated
salinity diffusion patterns under the defined scenario [62]. Consequently, it suggests that
the SH framework may not be appropriate for practical implementation.

6. Conclusions

This paper presents a comparison of traditional statistical (MLR) and machine learning
(ANN) algorithms to simulate daily overall and high salinity along the Scheldt River
estuary. Meanwhile, two ensemble approaches incorporating the DWT are tested. We
demonstrate each model’s applicability and advantages by comparing six different models.

Our comprehensive inter-model comparison of simulation outcomes across six distinct
models reveals noteworthy insights. The accuracy of DD models is strongly related to
the connection between the external DFs and the target salinity concentration. In terms
of the tide-influenced Scheldt Estuary, Q is the main DF of salinity diffusion, followed by
WT and then SL. The application of moving averages over different days and natural log
transformation on Q can significantly improve the accuracy of DD models. ANN models
score better than MLR models in both overall and high salinity simulations at all ten stations,
with the “ANN-dd’” model outperforming the others. With variations in the geographical
environment and human activities affecting different reaches, the universal applicability
of fixed-form MLR models is notably inferior to that of ANN models. The Scheldt River
Estuary displays a complex network of artificial channels and natural rivers in its lower
reaches, transitioning into natural flows in the middle and lower reaches. One approach
that can address this complexity is to employ various types of MLR models or to predefine
the division between the dry and wet seasons. A commonality among MLR and ANN
models lies in their tendency to underestimate high salinity values. Applying the DWT
with the WH framework could help to reduce the underestimation of maximum values,
while employing the SH framework can lead to high uncertainties in real practices. In the
rising SL or declining Q scenarios, salinity intrusion intensifies more in the middle areas.
This shows that the salinity in the middle estuary area is more worthy of attention under
the background of climate change.

Our research provides a reference for determining the optimal model depending on
the desired goal and simplicity in other similar study areas. In general, the relatively
parsimonious ‘MLR-00" model consistently yields trustworthy results with the lowest
time cost, while the existence of certain deficiencies in seasonal simulation and high-value
simulation is acknowledged. The findings stemming from the ANN models rooted in
the basic ANN methodology underscore the prowess of machine learning techniques in
delivering superior performance. Lastly, as embodied by “ANN-dd’, the integration of the
DWT with the WH framework represents an advanced iteration that achieves enhanced
results for both overall and high salinity simulations.
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Abbreviations

The following abbreviations are used in this manuscript:

ANN  Artificial Neural Network
AT Air Temperature above 1.5 m
BP Backpropagation

CMI Conditional Mutual Information
DD Data-Driven

DFs Driving Forces

DWT  Discrete Wavelet Transform
LM Levenberg-Marquardt

MI Mutual Information

ML Machine Learning

MLP  Multilayer Perceptron

MLR  Multiple Linear Regression
Q Discharge

SH Signal-Hybrid

SL Sea Level

WH  Within-Hybrid

WS Wind Speed

WT Water Temperature
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