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Abstract

Coastal eutrophication driven by excessive nutrient loading represents one of the most pressing environmental
challenges facing marine ecosystems worldwide, with harmful algal bloom frequency increasing nearly five-fold
over the past century. Traditional process-based models for simulating nutrient dynamics, while physically
rigorous, face fundamental limitations in computational efficiency and predictive accuracy when applied to
optically complex coastal waters where key nutrients such as dissolved inorganic nitrogen lack direct spectral
signatures. This paper presents a comprehensive framework for the mathematical modeling of nutrient dynamics
using Convolutional Neural Networks (CNNs), demonstrating how deep learning architectures can overcome the
inherent limitations of conventional approaches through nonlinear feature extraction from remote sensing
reflectance data. We synthesize recent advances in CNN-based water quality retrieval, examining 1D-CNN
architectures optimized through hybrid metaheuristic algorithms achieving coefficient of determination values
exceeding 0.81 for DIN inversion, CNN-LSTM architectures for short-term chlorophyll-a forecasting with 73%
relative accuracy, and graph-neural-network-based zoning approaches that reduce computational time from hours
to minutes while maintaining Nash-Sutcliffe efficiency above 0.80. The theoretical foundations linking CNN
architectures to the mathematical structure of radiative transfer equations are established, demonstrating that the
convolution operation naturally approximates the integral operators governing light-nutrient interactions in turbid
media. Practical implementation considerations including data preprocessing, hyperparameter optimization
strategies, and spatiotemporal prediction frameworks are systematically addressed. Case studies from the Yellow
Sea, Zhanjiang Bay, and the Sundarbans demonstrate the transferability and operational viability of these
approaches. The findings establish CNNs as a transformative mathematical tool for coastal nutrient forecasting,
enabling data-driven management strategies that address the spatial and temporal heterogeneity inherent in coastal
ecosystems.

Keywords: Convolutional Neural Networks; Nutrient Dynamics; Coastal Eutrophication; Dissolved Inorganic
Nitrogen; Remote Sensing; Deep Learning; Water Quality Forecasting

1. Introduction

1.1 The Eutrophication Challenge in Coastal Waters

Coastal zones, supporting approximately 40% of the global population and generating 60% of worldwide
economic output, represent the most dynamic and ecologically sensitive interfaces between terrestrial and marine
systems . The accelerating pace of coastal industrialization, agricultural intensification, and urbanization has
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dramatically increased land-based pollutant discharges, fundamentally altering the biogeochemical cycles that
sustain marine productivity. Among the most consequential manifestations of this anthropogenic pressure is
coastal eutrophication—the excessive enrichment of waters with nutrients that stimulates primary production and
triggers a cascade of ecological disruptions .

The material basis for eutrophication lies in the oversupply of macronutrients, particularly dissolved inorganic
nitrogen (DIN) and phosphorus, which serve as the primary limiting factors for phytoplankton growth in most
coastal systems. The consequences of this nutrient over-enrichment are severe and multifaceted. Harmful algal
blooms (HABs), whose frequency has increased 4.8-fold compared to pre-industrial baselines, represent the most
visible symptom . These blooms not only degrade water quality and biodiversity but also threaten public health
through toxin production and impose substantial economic costs on fisheries, aquaculture, and tourism industries .
The cascading effects extend to oxygen depletion (hypoxia), which has emerged as a pervasive threat to coastal
ecosystems worldwide.

1.2 Limitations of Conventional Modeling Approaches

The accurate monitoring and forecasting of nutrient concentrations in coastal waters has traditionally relied on
two methodological paradigms: in situ measurement campaigns and process-based numerical models. In situ
measurements, while providing precise quantification of nutrient concentrations, suffer from fundamental
limitations in spatial coverage and temporal resolution that render them inadequate for capturing the inherent
heterogeneity of coastal systems . Remote sensing technologies have partially addressed this gap by offering
synoptic, repetitive observation capabilities across broad spatial scales.

However, the application of remote sensing to nutrient monitoring encounters a fundamental physical constraint:
nutrients such as DIN are optically inactive constituents that lack direct spectral signatures in the visible-to-near-
infrared range . Unlike optically active parameters such as chlorophyll-a (Chl-a) and colored dissolved organic
matter (CDOM), which exhibit characteristic absorption and scattering properties, nutrients must be inferred
indirectly through statistical relationships with measurable optical properties. Traditional retrieval methods
employing linear regression, principal component regression, and band-ratio algorithms have demonstrated
limited accuracy in optically complex coastal waters where interfering constituents introduce substantial spectral
variability .

Process-based hydrodynamic-biogeochemical models such as Delft3D, MIKE, and ROMS provide physically
rigorous simulations of nutrient transport, transformation, and biological uptake. However, these tightly coupled
models impose extraordinary computational demands, typically requiring millions of grid cells and time steps on
the order of seconds to maintain numerical stability . Single simulations may require hours to days on high-
performance computing systems, rendering rapid scenario analysis and integration with optimization algorithms
impractical for operational water quality management . Furthermore, these models typically employ simplified
lower-trophic-level formulations that omit explicit representation of multi-trophic organisms, limiting their
accuracy in coastal regions with intensive aquaculture or complex food web interactions.

1.3 The Deep Learning Paradigm

The convergence of advances in artificial intelligence, particularly deep learning architectures, with the
availability of extensive satellite and in situ data records has created unprecedented opportunities for addressing
the limitations of conventional modeling approaches. Convolutional Neural Networks (CNNs), originally
developed for computer vision applications, have emerged as particularly promising tools for water quality
parameter retrieval due to their distinctive capacity for nonlinear feature extraction from spectral data .

The mathematical foundation of CNN-based approaches lies in their ability to approximate the complex, nonlinear
relationships between measurable optical properties and target water quality parameters that are not directly
observable. The convolution operation, which applies learned filters to input data, naturally captures local spectral
patterns and their interactions across bands—effectively implementing a data-driven analog to physically based
band-ratio and spectral-shape algorithms but without requiring explicit specification of functional forms . When
applied to time series data, 1D-CNN architectures can extract temporal features that capture seasonal cycles,
event-driven perturbations, and long-term trends .

Recent research has demonstrated the transformative potential of CNN-based approaches across diverse coastal
environments. A hybrid BES-BO-CNN framework employing synergistic optimization of the Bald Eagle Search
algorithm and Bayesian Optimization achieved coefficient of determination (R?) values of 0.81 for DIN retrieval
in the coastal waters of Shandong Province, substantially outperforming conventional retrieval methods . CNN-
LSTM architectures have demonstrated 73% relative accuracy in rolling 6-hour chlorophyll-a forecasts following
typhoon-induced nutrient surges in Zhanjiang Bay, enabling early warning of algal bloom development . Graph
neural network-based zoning approaches have reduced simulation time from approximately 4 hours to 12 minutes
while maintaining Nash-Sutcliffe efficiency exceeding 0.80 for nitrate and phosphate predictions in aquaculture-
impacted coastal bays.

1.4 Scope and Objectives

This paper presents a comprehensive mathematical framework for the application of Convolutional Neural
Networks to nutrient dynamics modeling in coastal waters. The specific objectives are:

1. To establish the theoretical foundations linking CNN architectures to the mathematical structure of nutrient
dynamics and radiative transfer in optically complex waters

2. To systematically examine CNN architectures and optimization strategies for nutrient concentration retrieval
and forecasting
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3.  To develop integrated spatiotemporal prediction frameworks that leverage CNN-based approaches for
operational eutrophication forecasting

4. To validate the framework through case studies across diverse coastal environments

5. To identify future research directions and practical implementation challenges

2. Theoretical Foundations

2.1 Mathematical Structure of Nutrient Dynamics in Coastal Waters

The dynamics of nutrient concentrations in coastal waters are governed by a system of coupled partial differential
equations that describe transport, transformation, and biological interactions. For a generic nutrient species N with
concentration C(x,t) at spatial position x and time t, the governing equation takes the form:
0Cot=—V-(uC)+V-(KVC)+S(C)+R(C)0t0C==V-(uC)+V-(KVC)+S(C)+R(C)

where the first term represents advective transport by the velocity field u, the second term represents turbulent
diffusion with eddy diffusivity K, S(C) denotes biogeochemical sources (e.g., nutrient regeneration, external
inputs), and R(C) denotes biogeochemical sinks (e.g., biological uptake, denitrification).

The biogeochemical source-sink terms S(C) and R(C) embody the complex interactions among multiple nutrient
species, phytoplankton, zooplankton, and detritus. The classical NPZD (Nutrient-Phytoplankton-Zooplankton-
Detritus) framework provides a simplified representation:

dNdt=—pmaxf(I)NkN+NP+yZ+eD+external inputsdtdN=—umaxf(I)kN+ NNP+yZ+eD+external inputs
dPdt=pmaxf(I)NkN+NP—-gPkP+PZ—mPPdtd P=yumaxf()kN+ NNP—gkP+PPZ—mPP
dZdt=BgPkP+PZ-mZZdtdZ=PgkP+PPZ-mZZ

dDdt=mPP+mZZ—eD—sinkingdtdD=mPP+mZZ—eD—sinking

where N, P, Z, and D represent nutrient, phytoplankton, zooplankton, and detritus concentrations, respectively;
W_max is the maximum growth rate; f(I) is the light limitation function; k N and k P are half-saturation constants;
g is the grazing rate; y and B are conversion efficiencies; € is the remineralization rate; and m P and m_Z are
mortality rates.

The inherent nonlinearity of these equations manifested in Michaelis-Menten-type nutrient uptake kinetics,
Holling-type functional responses for grazing, and light limitation functions—renders analytical solutions
intractable for realistic coastal geometries and forcing conditions. Even numerical solutions require sophisticated
computational methods and extensive parameterization.

2.2 Radiative Transfer and Remote Sensing of Coastal Waters

The retrieval of water quality parameters from remote sensing reflectance Rrs(A) is fundamentally governed by
the radiative transfer equation:

dLdz=—c(z)L(z)H4np(z,0,0)L(2,0',¢") dQ'dzdL=—c(z)L(z)+47f(z,0,$)L(z,0' ,¢")dY’

where L is the radiance, ¢ is the beam attenuation coefficient, B is the volume scattering function, and the
integration is over all scattering angles. For optically deep waters, the remote sensing reflectance is related to the
inherent optical properties (IOPs) through:

Rrs(A)=fQbb(A)a(L)+bb(L)Rrs(A)=0fa(2)+bb(A)bb(1)

where f/Q is a factor dependent on the angular distribution of the light field, b_b is the backscattering coefficient,
and a is the absorption coefficient.

The absorption and backscattering coefficients are in turn expressed as sums of contributions from individual
constituents:

a(M)=aw(L)+aph(L)+aCDOM (M) +adet(L)a(L)=aw(A)+aph(A)+aCDOM(A)+adet(1)
bb(L)=bbw(L)+bbp(A)+bbdet(N)bb(A)=bbw(A)+bbp(A)+bbdet(1)

where subscripts w, ph, CDOM, det, and p denote water, phytoplankton, colored dissolved organic matter,
detritus, and particles, respectively.

Crucially for nutrient retrieval, nutrient concentrations do not appear directly in these expressions. The
relationship between nutrients and optical properties is indirect, mediated through their effects on phytoplankton
biomass, particle composition, and CDOM production. This indirect relationship is governed by stoichiometric
constraints (e.g., the Redfield ratio) and physiological responses that vary with environmental conditions,
introducing substantial complexity and site-specificity into the retrieval problem.

2.3 CNNs as Universal Approximators for Nutrient Retrieval

The mathematical connection between CNNs and nutrient retrieval follows from the universal approximation
theorem for neural networks, which states that a feedforward network with a single hidden layer can approximate
any continuous function on compact subsets of R"n to arbitrary accuracy, provided sufficient neurons are
available. CNNs extend this capability by incorporating architectural priors that match the structure of the data.
For nutrient retrieval, consider the mapping function f: R*m — R that relates m spectral bands of remote sensing
reflectance to the target nutrient concentration:

Cnut=f(Rrs(A1),Rrs(A2),...,Rrs(Am)) Cnut=f(Rrs(11),Rrs(12),...,Rrs(im))

In principle, fis a continuous function of the reflectance values and can be approximated by a sufficiently complex
neural network. However, the structure of f is not arbitrary: it embodies physical constraints such as the positivity
of reflectance, the spectral correlations characteristic of water-leaving radiance, and the nonlinearity of the
relationship between optical properties and nutrient concentrations.

The CNN architecture leverages these constraints through three key mathematical operations:
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Convolution: The convolution operation (f * w)(x) = | f(t)w(x-t)dt, where f is the input signal and w is the learned
kernel, naturally captures local spectral features and their interactions across adjacent bands. When applied to
reflectance spectra, convolution kernels can learn to identify spectral shapes, ratios, and derivatives that serve as
proxies for constituent concentrations. The 1D-CNN architecture, in particular, is mathematically equivalent to
applying a bank of learned spectral filters that extract features sequentially through successive convolutional
layers .

Nonlinear Activation: The nonlinear activation functions applied after each convolution (e.g., ReLU, SELU)
introduce the nonlinearity necessary to approximate the complex relationships between optical properties and
nutrient concentrations. These activation functions enable the network to represent interactions and thresholds
that would be difficult to specify explicitly in physically based models.

Spatial-Temporal Feature Extraction: For time series applications, 1D-CNNs operating on sequential data can
extract temporal features that capture seasonal cycles, event-driven perturbations, and long-term trends. The
convolution operation across time is mathematically equivalent to applying a sliding-window filter that identifies
patterns in the temporal evolution of water quality parameters.

2.4 Connection to Inverse Problem Formulation

The nutrient retrieval problem can be formally framed as an inverse problem: given observed remote sensing
reflectance Rrs()), determine the underlying nutrient concentration C_nut that produced the observation. In the
Bayesian framework, this involves finding the maximum a posteriori estimate:

CAnut=arg[Z{J}max[Z[ )]CnutP(Cnut | Rrs)=arg[2<: ﬁmaxfff@]CnutP(Rrs |Cnut)P(Cnut) C nut=argmax Cnut P(Cnut|Rrs
)=argmax CnutP(Rrs|Cnut)P(Cnut)

where P(Rrs|Cnut) is the likelihood function describing the probability of observing a particular reflectance
spectrum given a nutrient concentration, and P(Cnut) is the prior distribution encoding prior knowledge about
nutrient concentrations.

The CNN approach to this inverse problem can be understood as learning an approximation to the posterior
distribution directly from paired reflectance-concentration data. The training process minimizes a loss function
(typically mean squared error):

L=INYi=IN|[|C*nut(i)—Cnut(i)| |2L=N1_i=1NI| C"nut(i)—Cnut(i)| 12

where the network parameters 6 are optimized to minimize the empirical risk. This is equivalent to finding the
least-squares estimate of the conditional expectation E[Cnut|Rrs] under the assumption of Gaussian observation
errors.

3.1 PROPOSED SYSTEM: CNN-BASED NUTRIENT DYNAMICS MODELING FOR COASTAL
EUTROPHICATION FORECASTING

1. System Overview

The proposed system is a comprehensive deep learning framework for monitoring, forecasting, and managing
nutrient dynamics in coastal waters. The system integrates multiple CNN architectures to address the complete
pipeline from data acquisition to decision support.

CNN-BASED NUTRIENT DYNAMICS MODELING SYSTEM
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Figure 1: Architectural framework of the CNN-based Nutrient Dynamics Modelmg System

This Figure 1. represents an end-to-end, Al-driven pipeline designed to monitor, predict, and manage nutrient
levels in aquatic environments. It is broken down into sequential layers that transform raw environmental data
into actionable insights.
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1. Data Ingestion & Preparation

e Data Acquisition Layer: The system acts as a central hub, continuously gathering diverse, multi-modal data.
This includes overhead satellite imagery (MODIS, Sentinel), direct water measurements from in-situ sensors
(buoys), meteorological data, and river discharge metrics.

» Data Processing Layer: Raw data is rarely ready for Al out of the box. This layer cleans the data by correcting
satellite sensor artifacts (radiometric calibration), aligning the different datasets in space and time (matching data
points within a 3-hour window), and removing errors or outliers.

o Feature Engineering Layer: The cleaned data is mathematically transformed. It normalizes the values and
extracts the most important spatial (location-based) and temporal (time-based) patterns for the neural networks to
learn from.

2. The AI Core

® Model Training & Optimization Layer: This is the "brain" of the system.

o Optimization: It uses a sophisticated hybrid algorithm (BES-BO) to automatically find the best internal settings
(hyperparameters) for the Al models.

o Architecture: It relies on an ensemble of specialized deep learning networks. A 1D-CNN handles spectral data,
a CNN-LSTM predicts how things change over time, and a GNN maps spatial relationships.

oIntegration: These models work together to output specific metrics, such as Dissolved Inorganic Nitrogen
(DIN) levels and Chlorophyll-a (Chl-a) forecasts, achieving high accuracy.

3.2. CNN ARCHITECTURES FOR NUTRIENT DYNAMICS MODELING

3.2.1 1D-CNN for Spectral Retrieval of DIN

The retrieval of dissolved inorganic nitrogen from remote sensing reflectance presents a particularly challenging
inverse problem due to the optically inactive nature of DIN. Recent advances have demonstrated the efficacy of
1D-CNN architectures for this application . The 1D-CNN architecture, designed for sequential data such as
reflectance spectra, applies one-dimensional convolutions across the spectral dimension to extract features that
can be correlated with nutrient concentrations.

The architecture typically consists of:

Input Layer: A one-dimensional tensor representing the reflectance spectrum at m bands, typically normalized
to account for sensor calibration and atmospheric effects.

Convolutional Blocks: Multiple sequential convolutional layers with increasing filter depth. Each block applies
1D convolution with kernel size k (typically 3-5 bands), batch normalization, and a nonlinear activation function.
The convolution operation extracts local spectral features:

B (D=(Xiwii(1)*hi(1=1)+bj () hi(D=¢(Xiwii(l)*hi(=1)+bj(D))

where * denotes the convolution operation, w_ij are the filter weights, b_j are bias terms, and ¢ is the activation
function.

Pooling Layers: Max or average pooling operations that reduce the dimensionality of the feature maps while
preserving the most salient features. These layers provide translational invariance and reduce the sensitivity of the
network to small spectral shifts.

Fully Connected Layers: Dense layers that combine the extracted features and map them to the target nutrient
concentration output.

Output Layer: A single neuron with linear activation representing the predicted nutrient concentration.

The performance of 1D-CNN for nutrient retrieval depends critically on the hyperparameter configuration. A
recent study employing the Bald Eagle Search (BES) algorithm synergistically combined with Bayesian
Optimization (BO) achieved R? values of 0.81 for DIN retrieval in the coastal waters of Shandong Province,
substantially outperforming conventional approaches . The optimization framework systematically explored the
hyperparameter space to determine the optimal combination of filter sizes, number of layers, learning rate, and
regularization parameters.

3.2.2 CNN-LSTM for Spatiotemporal Forecasting

For operational forecasting of eutrophication indicators, architectures that combine CNNs with Long Short-Term
Memory (LSTM) networks have demonstrated particular promise . This hybrid approach leverages the CNN's
capacity for feature extraction with the LSTM's ability to capture long-term dependencies in sequential data.
The CNN-LSTM architecture for water quality forecasting typically follows a sequential structure:

CNN Feature Extraction: 1D-CNN layers process the input sequence—a time series of predictor variables such
as remote sensing reflectance, sea surface temperature, wind speed, and rainfall—to extract relevant features at
each time step.

LSTM Sequence Modeling: The extracted features are passed through LSTM layers that maintain a hidden state
capturing the temporal evolution of the system. The LSTM update equations are:
it=o(Wxixt+Whiht—1+bi)ir=o(Wxixt+Whihz—1+bi)

ft=o(Wxfxt+Whtht—1+bf)fi=o(Wxfxt+Whhi—1+bf)

ot=c(Wxoxt+Whoht—1+bo)or=c(Wxoxt+Whoht—1+bo)

c~t=tanh{/0 Wxcxt+Whcht—1+bc)e~r=tanh(Wxcxt+Whcht—1+bc)

ct=ftOct—1+itQc~ter=ftOct—1+itOe~t

ht=ot@tanh/0(ct)hr=o0rOtanh(cr)

where i t, f t, o t are the input, forget, and output gate activations, c t is the cell state, h_t is the hidden state, ¢
is the sigmoid function, and © denotes element-wise multiplication.
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Dense Output Layer: A fully connected layer maps the final hidden state to the predicted water quality
parameter.

In a study of typhoon-induced cascade effects in Zhanjiang Bay, a CNN-LSTM model achieved 73% relative
accuracy in rolling 6-hour chlorophyll-a forecasts, providing early warning capability for algal bloom
development following nutrient surges . The model's ability to capture the rapid biogeochemical responses to
episodic forcing events demonstrated the value of deep learning approaches for operational water quality
forecasting.

3.2.3 Graph Neural Networks for Computationally Efficient Nutrient Modeling

A fundamental challenge in nutrient dynamics modeling is the trade-off between physical realism and
computational efficiency. Process-based models that explicitly resolve hydrodynamic and biogeochemical
processes on fine grids can require hours to days for each simulation, limiting their utility for rapid scenario
analysis and optimization . Graph Neural Networks (GNNs) offer a novel approach to addressing this challenge
by representing the coastal system as a graph of interconnected zones.

The GNN-based zoning approach begins with a hydrodynamic model simulation on a fine grid. A graph-neural-
network algorithm then identifies hydrodynamically coherent zones—regions where water masses exhibit similar
exchange characteristics . This zoning reduces tens of thousands of grid cells to on the order of 20 zones,
dramatically reducing the dimensionality of the system while preserving the essential connectivity structure.

The water exchange between zones is represented through a pre-computed exchange matrix that captures the
transport coefficients governing nutrient dispersion:

dCdt=EC+S(C)dtdC=EC+S(C)

where C is the vector of nutrient concentrations in each zone, E is the exchange matrix (encapsulating advective-
diffusive transport), and S(C) represents the biogeochemical sources and sinks within each zone.

The exchange matrix is derived from the fine-grid hydrodynamic simulation and remains fixed for a given system
configuration, enabling rapid simulation of nutrient dynamics without repeated hydrodynamic computations. The
matrix encodes the fundamental transport characteristics of the system:

Eij=water exchange rate from zone j to zone iViEij=Viwater exchange rate from zone j to zone i

where V_i is the volume of zone i. This formulation decouples the hydrodynamics from the biogeochemistry,
allowing the biogeochemical model to be run independently with dramatically reduced computational
requirements.

Applied to Sansha Bay, Fujian, China, this approach achieved Nash-Sutcliffe efficiency (NSE) greater than 0.80
for nitrate and phosphate predictions across most zones while reducing simulation time from approximately 4
hours to 12 minutes compared to conventional Delft3D-WAQ simulations . The integration of high accuracy with
computational efficiency enables rapid exploration of nutrient abatement scenarios, providing a powerful tool for
water quality management and policy development.

The incorporation of multi-trophic organism effects through Dynamic Energy Budget (DEB) theory further
enhances model accuracy. The DEB framework represents the physiological processes of organisms (fish,
shellfish, macroalgae) that mediate nutrient cycling:

dEdt=p’A—p'C—p'J-p RdtdE=p"A—p C-p'J—p'R

where E is the reserve energy, \dot{p} A is the assimilation rate, \dot{p} C is the mobilization rate for somatic
maintenance and growth, \dot{p} J is the juvenile maturation cost, and \dot{p} R is the reproduction cost. The
nutrient uptake and excretion by these organisms are linked to their energy budgets, providing a mechanistic
representation of aquaculture-induced nutrient dynamics that is absent from conventional NPZD-type
formulations.

4. OPTIMIZATION AND TRAINING STRATEGIES

4.1 Hyperparameter Optimization

The performance of CNN-based nutrient retrieval models depends sensitively on hyperparameter selection,
including the number of convolutional layers, filter sizes, stride lengths, pooling strategies, learning rate, batch
size, regularization parameters, and activation function choices. The hyperparameter optimization problem is
formally expressed as:

6*:arg[Z{@rnin[Z{)]GE®Lval(w*(6),9)H*ZargminHE®Lval(w*(9),¢9)

where 0 represents the hyperparameter configuration, w"*(0) represents the optimal model weights for
configuration 6, and \mathcal{L} {val} is the validation loss.

Traditional approaches to hyperparameter tuning—grid search, random search, manual tuning—become
computationally prohibitive for high-dimensional hyperparameter spaces and complex architectures.
Metaheuristic algorithms offer a more efficient alternative by systematically exploring the hyperparameter space.
The synergistic optimization approach combining the Bald Eagle Search (BES) algorithm with Bayesian
Optimization (BO) has demonstrated particular effectiveness for nutrient retrieval applications . The BES
algorithm, inspired by the hunting behavior of bald eagles, employs a three-stage search strategy:

Selection Phase: Candidate solutions are selected from the population based on fitness:
Pnew=Pbest+a-r-(Pmean—P)Pnew=Pbest+o-r-(Pmean—P)

where P_new is the updated position, P_best is the current best position, P_mean is the mean position of the
population, a is a parameter controlling position changes, and r is a random vector.

Search Phase: The eagles search for prey within the search space:
Pnew=P+y(i)-(P—Pi+1)+x(i)-(P-Pmean)Pnew=P+y(i)-(P—Pi+1)+x(i)-(P—Pmean)

where x(i) and y(i) are spiral-shaped search functions.
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Swooping Phase: The optimal solution is refined through intensive local search:
Pnew=r-Pbest+x1(i)-(Pmean—c2-P)+y1(i)-(Pmean—c3-P)Pnew=r-Pbest+x1(i)-(Pmean—c2-P)+y1(i)-(Pmean—c3
.P)

where x_1(i), y_1(i), ¢ 2, and c_3 are parameters controlling the swooping trajectory.

The BES algorithm provides a global search capability, exploring the hyperparameter space to identify promising
regions. Bayesian Optimization then refines the search through a probabilistic surrogate model (typically Gaussian
process) that balances exploration and exploitation to find the optimal hyperparameter configuration.

The BES-BO-CNN framework achieved substantial improvements over both unoptimized CNN models and
conventional approaches, with the coefficient of determination reaching 0.81 for DIN retrieval . This demonstrates
the critical importance of systematic hyperparameter optimization for achieving high retrieval accuracy in
optically complex coastal waters.

4.2 Data Preprocessing and Augmentation

The quality and representativeness of training data are paramount for CNN-based nutrient retrieval. In situ water
quality measurements provide ground truth data for training, while satellite-derived reflectance spectra serve as
predictors. The preprocessing pipeline typically includes:

Radiometric Calibration: Conversion of satellite digital numbers to at-sensor radiance and subsequently to
remote sensing reflectance through atmospheric correction. Atmospheric correction in coastal waters is
particularly challenging due to the influence of aerosols, adjacency effects from land, and the spectral complexity
of water-leaving radiance . Processors such as C2RCC (Case 2 Regional CoastColour) have been developed
specifically for turbid coastal waters .

Temporal and Spatial Matching: Pairing in situ measurements with coincident satellite observations. The
temporal window for matching is typically within £3 hours to minimize the effects of tidal variability and diurnal
cycles. Spatial matching involves extracting the reflectance values corresponding to the in situ sampling location
from the satellite image.

Outlier Detection: Identification and removal of anomalous samples arising from sensor artifacts, cloud
contamination, or extreme environmental conditions. Statistical methods such as the interquartile range criterion
or robust z-scores are commonly employed.

Normalization: Scaling of input features to facilitate training convergence. Common approaches include min-
max scaling and z-score normalization.

Data augmentation techniques can significantly improve model generalization by increasing the effective size and
diversity of the training dataset. For spectral data, augmentation strategies include:

Additive Noise: Adding small random perturbations to reflectance spectra to simulate sensor noise and improve
robustness.

Wavelength Shifts: Applying small shifts to the spectral dimension to simulate variations in sensor calibration.
Spectral Mixing: Creating synthetic spectra through weighted combinations of existing spectra.

Time Warping: For time series data, applying temporal shifts and deformations to capture seasonal variability.

4.3 Loss Function Design and Regularization

The choice of loss function is crucial for guiding the training process and achieving desirable model properties.
The standard loss function for nutrient retrieval is the mean squared error (MSE):

LMSE=1INY i=1N(y"i—yi)2LMSE=N1Y i=1 N(y"i—yi)2

where \hat{y} i is the predicted concentration and y i is the measured concentration. While MSE provides a
mathematically convenient objective, it may not be optimal for nutrient retrieval applications due to the log-
normal distribution of nutrient concentrations and the varying importance of prediction errors at different
concentration ranges.

Alternative loss functions that have been explored include:

Root Mean Squared Logarithmic Error (RMSLE):

LRMSLE=INY i=1N(logi/o(y"i+1)~logifoi(yi+1))2LRMSLE=N1Y i=1 N(log(y"i+1)—log(yi+1))2

This metric reduces the sensitivity to large values and is appropriate when relative errors are more important than
absolute errors.

Huber Loss: A hybrid approach that combines MSE for small errors with mean absolute error for large errors:
Lo={12(y"i—yi)2if |ly*i—yil<ddly i—yil—12020therwiseLo={21(y"i—yi)251y"i—yil—212if [y i—yil<dotherwise
This provides robustness to outliers while maintaining differentiability.

Regularization techniques are essential for preventing overfitting, particularly when the training dataset is limited
relative to the model capacity. The most common regularization approaches include:

L2 Regularization (Weight Decay): Adding a penalty proportional to the squared norm of the weights:
L=Ldata+\}Y iwi2L=Ldata+1} iwi2

This encourages the network to use smaller weights, reducing sensitivity to individual features and improving
generalization.

Dropout: Randomly dropping out a fraction of neurons during training prevents the network from developing co-
adapted dependencies. Dropout rates typically range from 20% to 50%, with higher rates appropriate for larger
networks .

Batch Normalization: Normalizing the activations of each layer during training accelerates convergence and
provides a regularizing effect.
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For applications requiring smooth predictions (e.g., vertical profile reconstruction), additional regularization terms
can be incorporated:

L=Ldata+A1}110i12+A2Y i(y"i+1-y )2 L=Ldata+11 il 0i| 24223 i(y" i+ 1—y™i)2

where the final term penalizes sharp variations in the output, promoting smoothness consistent with the physical
smoothness of environmental profiles

5. Spatiotemporal Prediction Frameworks

5.1 Seasonal and Event-Driven Prediction

Coastal nutrient dynamics exhibit strong seasonal patterns driven by annual cycles in temperature, light
availability, river discharge, and biological productivity. In the Northern Bay of Bengal, for example, chlorophyll-
a concentrations vary dramatically across seasons: pre-monsoon conditions (mean Chl-a = 2.1 mg m™) are
characterized by thermal stratification and nutrient limitation, monsoon conditions (mean = 13.6 mg m™) by
nutrient influx and vertical mixing, and post-monsoon conditions (mean =~ 6.2 mg m) by moderate productivity
supported by residual nutrients .

CNN-based models can capture these seasonal patterns through training on multi-year datasets. The model learns
to associate particular reflectance patterns with seasonal nutrient dynamics, effectively learning the seasonal
climatology from the data. This enables prediction of seasonal transitions and detection of anomalous conditions
deviating from the expected seasonal pattern.

Event-driven dynamics, such as those induced by typhoons or extreme rainfall events, present a greater challenge.
Typhoons can trigger rapid biogeochemical cascade effects: increased nutrient fluxes from river discharge
stimulate phytoplankton blooms, which subsequently decay and cause acidification and oxygen depletion . These
events can unfold over days to weeks, requiring forecasting capabilities at sub-daily to weekly timescales.
CNN-LSTM models are particularly well-suited for capturing event-driven dynamics because they can learn the
temporal evolution of the system from historical event data. The LSTM component maintains a memory state that
tracks the system's recent trajectory, enabling the model to anticipate future states based on the current conditions
and recent trends. The combination of CNN feature extraction with LSTM sequence modeling enables the model
to identify the onset of events and forecast their progression.

5.2 Integration with Physical Models

While CNN-based models offer superior predictive performance for many applications, they are fundamentally
data-driven and may fail under conditions not represented in the training data. Integration with physical models
provides a means of constraining the CNN predictions with physical principles and extending the model's
applicability to novel conditions.

One promising approach is to use the CNN as a surrogate for a computationally expensive physical model. The
CNN is trained to approximate the input-output mapping of the physical model, enabling rapid simulation once
the training is complete. The GNN-based zoning approach described in Section 3.3 represents a sophisticated
implementation of this concept, where the CNN-like architecture (GNN) is trained to reproduce the transport
dynamics of a high-resolution hydrodynamic model .

Another approach is physics-informed neural networks (PINNs), where the physical laws governing nutrient
dynamics are incorporated into the loss function. The loss function includes both data mismatch terms and physics
residual terms:

L=Ldata+ALphysicsL=Ldata+iLphysics

where \mathcal{L} {physics} evaluates how well the predicted solution satisfies the governing partial differential
equations. This approach has the advantage of enforcing physical constraints while leveraging the representational
power of neural networks.

5.3 Uncertainty Quantification

For operational applications, uncertainty quantification is essential for risk assessment and decision-making.
Bayesian neural networks (BNNs) provide a principled framework for uncertainty quantification by treating the
network weights as random variables with posterior distributions learned from the data.

The BNN approach involves placing a prior distribution over the network weights p(w) and learning the posterior
distribution p(w|D) from the training data D. Prediction for a new input x* involves integrating over the posterior:
p(y*lx,D)=Ip(y+Ixx,w)p(wID)dwp(y«lvs, D)=lp(y+lvs,w)p(wiD)dw

This integral is typically intractable for large neural networks, necessitating approximation methods such as
variational inference or Monte Carlo dropout.

Monte Carlo dropout provides a computationally efficient approximation to Bayesian inference. By applying
dropout at test time and performing multiple stochastic forward passes, the distribution of predictions provides an
estimate of the predictive uncertainty. For nutrient retrieval, this approach has been used to quantify the
uncertainty arising from spectral ambiguities and data limitations.

6. CASE STUDIES

6.1 Shandong Province Coastal Waters: DIN Retrieval

The coastal waters of Shandong Province, China, located at the convergence of the Yellow Sea and Bohai Sea,
receive substantial nutrient loads from eighteen major rivers including the Yellow River. The annual average DIN
concentration exceeds the Grade I Seawater Quality Standard by 1.1 times, contributing to frequent red tides and
green tides .
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A BES-BO-CNN framework was developed for DIN retrieval from MODIS satellite imagery covering 2015-
2024. The 1D-CNN architecture was optimized through the synergistic BES-BO approach to achieve maximum
retrieval accuracy. The findings demonstrated:

1.  The BES-BO-CNN model substantially outperformed conventional approaches, with the coefficient of
determination (R?) reaching 0.81 .

2. The ten-year reconstruction revealed distinct land-sea gradient patterns in DIN concentrations, with the
Yellow River Estuary persistently exhibiting elevated levels due to terrestrial inputs .

3. Correlation analysis indicated that DIN is significantly negatively correlated with sea surface temperature
but positively correlated with sea level pressure, suggesting that warming and atmospheric circulation influence
nutrient dynamics through their effects on stratification and mixing .

4. The seasonal variation in DIN concentrations reflected the competing effects of riverine inputs (higher in
summer) and biological uptake (higher in summer) .

This case study demonstrates the viability of CNN-based approaches for high-precision DIN monitoring in
optically complex coastal waters, providing scientific support for integrated land-sea management and targeted
control of nitrogen pollution.

6.2 Zhanjiang Bay: Typhoon-Induced Cascade Prediction

Zhanjiang Bay, a subtropical estuary on the South China Sea, experiences several typhoons annually, providing a
natural laboratory for studying extreme event impacts. Typhoon "Yagi" in September 2024 triggered a
biogeochemical cascade: freshwater discharge and nutrient fluxes increased by factors of 8.7, 43.4, and 3.0 for
water volume, DIN, and DIP, respectively, leading to a serious algal bloom eight days after the typhoon .

A CNN-LSTM model was developed for chlorophyll-a forecasting to anticipate algal bloom development
following extreme events. The model achieved 73% relative accuracy in rolling 6-hour forecasts, enabling early
warning of bloom conditions . The model's ability to predict the rapid biological response to nutrient pulses
demonstrates the value of deep learning for operational water quality forecasting under extreme event conditions.
The multidisciplinary observation approach, combining high-frequency in situ monitoring, field surveys, and
stable isotope analysis, revealed the mechanisms underlying the cascade: the diatom Skeletonema costatum
proliferated under extreme thermohaline perturbation and decayed rapidly, leading to acidification and oxygen
depletion . The CNN-LSTM model captured these rapid transitions, providing a forecasting capability that is
essential for mitigating the ecological and economic impacts of typhoon-induced blooms.

6.3 Sundarbans: Seasonal Chl-a Prediction

The Sundarbans, at the confluence of the Ganga, Brahmaputra, and Meghna deltas on the Bay of Bengal, provide
a rigorous testbed for CNN-based prediction due to the complex hydrodynamics and seasonal variability . Semi-
diurnal tides (2-5 m range), riverine discharge, and monsoon winds interact to produce strong gradients in mixing,
turbidity, and nutrient availability.

Multi-decadal (1990-2024) assessment of chlorophyll-a dynamics was conducted using integrated satellite
observations, in situ data, and Al-driven forecasting models. The study evaluated multiple deep learning and
machine learning frameworks, including LSTM, CNN, ANN, SVM, RF, and ARIMA .

The CNN and LSTM models provided exceptional predictive accuracy (R? = 0.91-0.94), effectively capturing
nonlinear temporal and spatial trends . The seasonal patterns were accurately reproduced: pre-monsoon low
concentrations (mean ~ 2.1 mg m~?) under nutrient-limited, stratified conditions; monsoon increases (mean ~ 13.6
mg m3) driven by nutrient influx and vertical mixing; and post-monsoon moderate productivity (mean ~ 6.2 mg
m?) supported by residual nutrients and enhanced light availability .

The success of the CNN approach across the full seasonal range demonstrates its transferability to different
environmental conditions and its robustness to the optical complexity of estuarine waters.

6.4 Sansha Bay: Efficient Nutrient Modeling

Sansha Bay, a semi-enclosed embayment on the southeastern coast of Fujian, China, represents the world's largest
cage-culture base for large yellow croaker. Intensive aquaculture creates substantial nutrient loads from fish
excretion and feed waste, challenging the predictive capability of conventional models .

The BENMO]|Simulation model was developed under the Bay Estuary Nutrient Management Optimization
framework to address the twin challenges of computational efficiency and multi-trophic representation. The GNN-
based zoning algorithm reduced tens of thousands of Delft3D grid cells to 20 hydrodynamically coherent zones,
while the DEB-based multi-trophic module explicitly represented fish, shellfish, and macroalgae .

The model achieved Nash-Sutcliffe efficiency (NSE) greater than 0.80 for NOs~ and PO+*" across most zones,
comparable to or exceeding the performance of Delft3D-WAQ, while reducing simulation time from
approximately 4 hours to 12 minutes . This computational efficiency enables rapid exploration of nutrient
abatement scenarios, such as optimizing aquaculture practices, providing a powerful tool for policy development
and operational water quality management.

7. Implementation And Operational Considerations

7.1 Data Infrastructure Requirements

The successful implementation of CNN-based nutrient dynamics modeling requires robust data infrastructure to
support data acquisition, processing, and model deployment. Key infrastructure components include:

Satellite Data Pipeline: Automated ingestion of satellite imagery (MODIS, Sentinel-2, Landsat) with
atmospheric correction processors (C2RCC, ACOLITE, SeaDAS) tailored to coastal waters . The pipeline must
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handle the large data volumes (terabytes) and provide quality control flags for cloud contamination, sun glint, and
adjacency effects.

In Situ Data Management: Integration of in situ monitoring data from diverse sources including government
monitoring agencies, research cruises, and automated sensor networks . Data quality control procedures are
essential to identify and flag anomalous measurements.

Data Integration Layer: Spatiotemporal matching of in situ and satellite data, including temporal window
selection (typically £3 hours) and spatial averaging to account for pixel heterogeneity and positioning errors.
Model Training Infrastructure: Computational resources for model training, including GPU acceleration and
distributed training for large datasets. Training times may range from hours to days depending on dataset size and
model complexity.

7.2 Deployment Considerations

For operational deployment, the following considerations are paramount:

Latency Requirements: Different applications have different latency requirements. Near-real-time applications
such as algal bloom early warning require predictions within hours of satellite overpass. Planning applications
such as nutrient abatement scenario analysis have less stringent latency requirements.

Model Updating: The model should be periodically retrained or fine-tuned to account for changes in sensor
characteristics, environmental conditions, or the underlying relationships. The retraining frequency depends on
the rate of change in the system and the availability of new training data.

Interpretability: For regulatory applications, model interpretability is essential. While deep learning models are
often considered "black boxes," techniques such as saliency mapping and feature importance analysis can provide
insights into the factors driving predictions.

Validation and Uncertainty Communication: Clear communication of model uncertainty to stakeholders is
critical for appropriate use of the predictions. Probabilistic predictions with confidence intervals are more
informative than point estimates.

7.3 Integration into Decision Support Systems

The ultimate value of CNN-based nutrient modeling lies in its integration into decision support systems for water
quality management. Key integration points include:

Early Warning Systems: Automated alerts when predicted nutrient concentrations approach thresholds
associated with eutrophication risk. The CNN-LSTM forecasting capability enables proactive rather than reactive
management .

Scenario Analysis: Rapid simulation of management scenarios (e.g., nutrient reduction targets, aquaculture
relocation) to evaluate their effectiveness before implementation .

Adaptive Monitoring: Data-driven optimization of monitoring networks to focus sampling on areas or times with
highest prediction uncertainty or greatest management relevance.

8. Challenges And Future Directions

8.1 Data Limitations

The primary limitation of CNN-based nutrient retrieval is the availability and quality of training data. In situ
nutrient measurements are relatively sparse compared to the spatial and temporal variability of coastal systems,
limiting the model's ability to learn the full distribution of possible conditions. The development of autonomous
in situ sensor networks and enhanced monitoring programs will be crucial for addressing this limitation.

The challenge is particularly acute for extreme events, which are underrepresented in training data but have
disproportionately large impacts . Transfer learning from related tasks (e.g., ocean color inversion for optically
active constituents) may provide a means of leveraging existing knowledge to improve performance under data-
scarce conditions.

8.2 Model Generalization

The generalization of CNN models to new environments or time periods remains a significant challenge. Models
trained in one region may not perform well in another due to differences in optical properties, nutrient dynamics,
and environmental forcing. Approaches to improve generalization include:

Domain Adaptation: Techniques that align the distribution of features between training and target domains.
Multitask Learning: Training models to predict multiple related parameters simultaneously, leveraging the
correlations between parameters to improve generalization.

Physics-Informed Learning: Incorporating physical constraints into the loss function to constrain the model to
physically plausible predictions.

8.3 Integration with Advanced Architectures

Emerging deep learning architectures offer potential for further improving nutrient dynamics modeling:
Transformers: The self-attention mechanism of Transformers can capture long-range dependencies in spectral
and temporal data without the sequential processing constraints of RNNss.

Attention Mechanisms: Adding attention to CNN-LSTM models can improve interpretability by identifying
which input features are most important for predictions at each time step.

Generative Models: Generative adversarial networks (GANs) and variational autoencoders (VAESs) can generate
synthetic training data to augment limited datasets.
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8.4 Toward Digital Twins

The ultimate vision for coastal water quality management is the development of digital twins dynamic, data-driven
representations of coastal systems that can simulate current conditions and forecast future states. CNN-based
nutrient models are a key component of this vision, providing the predictive capability to connect observations
with management actions.

The integration of CNN models with hydrodynamic models, nutrient transport models, and ecosystem models
will enable comprehensive digital twins that can simulate the full cascade from nutrient loading to algal blooms
to oxygen depletion. This integration will require advances in model coupling, uncertainty quantification, and
computational efficiency.

9.Discussion

9.1 Synthesis of Findings and Theoretical Implications

The comprehensive framework presented in this paper establishes Convolutional Neural Networks as a
transformative mathematical tool for coastal nutrient dynamics modeling, addressing fundamental limitations that
have constrained conventional approaches for decades. The synthesis of recent advances across diverse coastal
environments from the temperate waters of Shandong Province to the subtropical estuary of Zhanjiang Bay and
the complex deltaic system of the Sundarbans demonstrates both the versatility and the robustness of CNN-based
methodologies for water quality retrieval and forecasting.

The theoretical foundations established in Section 2 reveal a profound mathematical connection between CNN
architectures and the physical structure of nutrient dynamics in coastal waters. The convolution operation, when
applied to remote sensing reflectance spectra, naturally approximates the integral operators governing light-
nutrient interactions in turbid media. This mathematical equivalence is not merely coincidental but reflects the
fundamental structure of the radiative transfer equation and its relationship to observable optical properties. The
ID-CNN architecture effectively learns a data-driven approximation to the inverse of the radiative transfer
operator, bypassing the need for explicit parameterization of the forward model while capturing the complex
nonlinearities that characterize coastal optical systems.

This insight has significant implications for our understanding of the nutrient retrieval problem. The traditional
approach attempting to establish empirical relationships between individual spectral bands and nutrient
concentrations through linear regression or simple band ratios—fundamentally underestimates the complexity of
the inverse problem. The relationship between nutrients and optical properties is indirect, mediated through
stoichiometric constraints and physiological responses that vary with environmental conditions. CNNs, through
their capacity for nonlinear feature extraction from high-dimensional spectral data, can learn these indirect
relationships without requiring explicit specification of the mediating mechanisms. The BES-BO-CNN
framework's achievement of R? = 0.81 for DIN retrieval in optically complex coastal waters represents a
substantial advance over conventional retrieval methods, demonstrating that the indirect nature of the nutrient-
optical relationship can be effectively captured through appropriate deep learning architectures.

9.2 Comparative Analysis of CNN Architectures for Nutrient Dynamics

The three architectural paradigms examined in this paper 1D-CNN for spectral retrieval, CNN-LSTM for
spatiotemporal forecasting, and GNN-based zoning for computationally efficient modelling each address distinct
aspects of the nutrient dynamics modeling challenge, and their comparative analysis reveals important trade-offs
and complementarities.

9.2.1 1D-CNN for Spectral Retrieval: Precision and Local Feature Extraction

The 1D-CNN architecture demonstrates particular strength in extracting local spectral features from reflectance
data, achieving high precision in nutrient concentration retrieval from individual satellite observations. The
architecture's mathematical structure convolutional filters applied along the spectral dimension is ideally suited to
identifying spectral shapes, ratios, and derivatives that serve as proxies for constituent concentrations. This
represents a data-driven analog to physically based band-ratio algorithms but with the crucial advantage of
learning the optimal spectral features from data rather than relying on pre-specified functional forms.

The success of the BES-BO optimization framework in achieving R?= 0.81 for DIN retrieval highlights the critical
importance of systematic hyperparameter optimization. The synergistic combination of global search (BES) with
local refinement (BO) effectively navigates the high-dimensional hyperparameter space, identifying
configurations that balance model capacity with generalization capability. This optimization approach is
particularly valuable for nutrient retrieval because the optimal architecture depends sensitively on the specific
characteristics of the target water body the optical complexity, the dominant absorbing and scattering constituents,
and the range of nutrient concentrations encountered.

However, the 1D-CNN architecture has inherent limitations for capturing temporal dynamics. While the
convolution operation along the spectral dimension extracts spatial features effectively, the architecture lacks
explicit mechanisms for modeling temporal sequences. The model treats each observation independently, without
leveraging the temporal correlations that are fundamental to nutrient dynamics. This limitation is addressed by
the CNN-LSTM hybrid architecture.

9.2.2 CNN-LSTM for Spatiotemporal Forecasting: Temporal Dependencies and Event-Driven Dynamics
The CNN-LSTM architecture represents a natural extension of the CNN paradigm to the temporal domain,
combining the feature extraction capabilities of CNNs with the sequence modeling capacity of LSTMs. The
architecture's ability to achieve 73% relative accuracy in rolling 6-hour chlorophyll-a forecasts following typhoon-
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induced nutrient surges demonstrates the value of capturing temporal dependencies for operational water quality
forecasting.

The LSTM component's gating mechanisms input, forget, and output gates enable the model to maintain a memory
state that tracks the system's recent trajectory while selectively updating this state based on new observations.
This is mathematically equivalent to learning the temporal structure of the nutrient dynamics system, including
the characteristic timescales of biological responses, transport processes, and biogeochemical transformations.
The forget gate, in particular, allows the model to "reset" its memory when conditions change abruptly, as occurs
during typhoon events, enabling rapid adaptation to novel conditions.

The CNN-LSTM architecture's performance for event-driven prediction is particularly noteworthy. Extreme
events such as typhoons are underrepresented in training data, yet the model demonstrated the ability to anticipate
the rapid biogeochemical cascade triggered by such events. This suggests that the architecture learns fundamental
relationships the coupling between nutrient inputs, phytoplankton growth, and subsequent decay that are
transferable across event types, even when the specific conditions differ. The model effectively learns the "rules”
of the system rather than merely memorizing historical patterns.

9.2.3 Graph Neural Networks for Computationally Efficient Modeling: The Dimensionality Reduction
Paradigm

The GNN-based zoning approach addresses a fundamentally different challenge: the computational intractability
of conventional hydrodynamic-biogeochemical models for rapid scenario analysis. The approach's innovation lies
in its recognition that the full complexity of a fine-grid hydrodynamic simulation is not always necessary for
understanding nutrient dynamics, particularly for management applications that require rapid exploration of
alternative scenarios.

The graph-neural-network algorithm's identification of hydrodynamically coherent zones represents a
mathematically principled approach to dimensionality reduction. The algorithm identifies regions where water
masses exhibit similar exchange characteristics, effectively partitioning the domain into zones that capture the
essential connectivity structure while reducing tens of thousands of grid cells to approximately 20 zones. The
exchange matrix derived from the fine-grid simulation then preserves the transport dynamics at this reduced
resolution.

The computational efficiency gains—reducing simulation time from approximately 4 hours to 12 minutes while
maintaining NSE > 0.80 are transformative for operational applications. This enables rapid exploration of nutrient
abatement scenarios, optimization of aquaculture practices, and real-time forecasting that would be impractical
with conventional models. The integration of DEB-based multi-trophic representation further enhances the
model's accuracy in aquaculture-impacted systems, addressing a limitation of conventional NPZD-type
formulations that omit explicit representation of cultured organisms.

The GNN approach represents a paradigm shift in coastal nutrient modeling: rather than attempting to simulate
the full complexity of the system with ever-increasing resolution, it focuses on capturing the essential dynamics
at a level of aggregation that is sufficient for management decisions. This is consistent with the principle of "fitness
for purpose" in environmental modeling and represents a mature approach to the trade-off between physical
realism and computational efficiency.

9.3 Implications for Coastal Eutrophication Management

The demonstrated capabilities of CNN-based approaches have profound implications for coastal eutrophication
management, addressing several key challenges that have constrained conventional approaches.

9.3.1 From Monitoring to Forecasting

The transition from monitoring to forecasting represents a fundamental shift in the approach to eutrophication
management. Traditional monitoring programs provide retrospective assessments of water quality conditions,
enabling identification of trends and compliance with standards but offering limited ability to anticipate future
conditions. The CNN-LSTM forecasting capability enables proactive rather than reactive management, providing
early warning of algal bloom development and enabling timely interventions.

The forecasting of typhoon-induced cascade effects in Zhanjiang Bay exemplifies this shift. The model's ability
to predict chlorophyll-a concentrations 6 hours in advance following nutrient surges enables proactive
management responses: adjusting aquaculture operations, issuing public health advisories, and preparing for
potential hypoxia events. The economic and ecological benefits of such early warning are substantial, enabling
mitigation measures that reduce the impacts of harmful blooms.

9.3.2 Optimizing Nutrient Management Strategies

The computational efficiency of GNN-based modeling enables rapid exploration of management scenarios,
addressing a fundamental limitation of conventional models. Managers can evaluate the effectiveness of
alternative nutrient reduction strategies, assess the impacts of changes in aquaculture practices, and optimize the
allocation of limited resources for pollution control.

The integration of multi-trophic representation through DEB theory enables explicit consideration of aquaculture
impacts, which are increasingly important in coastal waters worldwide. The model can simulate the nutrient
cycling mediated by cultured organisms, enabling assessment of the sustainability of aquaculture practices and
identification of optimal stocking densities and feeding strategies. This represents a substantial advance over
conventional models that treat aquaculture as an external forcing rather than as an integral component of the
ecosystem.

9.3.3 Addressing Spatial and Temporal Heterogeneity

The CNN-based approaches address the inherent spatial and temporal heterogeneity of coastal ecosystems in ways
that conventional methods cannot. The 1D-CNN's ability to extract features from individual pixels enables fine-
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scale resolution of spatial patterns, while the CNN-LSTM's sequence modeling captures temporal variability
across multiple timescales. The GNN zoning approach preserves spatial connectivity while enabling efficient
simulation.

The ten-year reconstruction of DIN concentrations in Shandong Province demonstrates the value of CNN-based
retrieval for understanding long-term trends and spatial patterns. The identification of distinct land-sea gradient
patterns and the correlation with sea surface temperature and pressure reveal the complex interplay of
anthropogenic and natural factors controlling nutrient dynamics. This understanding is essential for designing
effective management strategies that address both local pollution sources and broader environmental drivers.

9.4 Theoretical Contributions and Scientific Implications

The mathematical framework established in this paper contributes to several theoretical domains beyond the
immediate application to nutrient dynamics.

9.4.1 Deep Learning for Inverse Problems

The formulation of nutrient retrieval as an inverse problem and its solution through CNN architectures contributes
to the broader field of deep learning for inverse problems. The approach demonstrates that CNNs can effectively
approximate the posterior distribution P(Cnut|Rrs) from paired observations, providing a data-driven alternative
to traditional inversion methods that rely on explicit forward models.

The connection established between convolution operations and integral operators in the radiative transfer
equation provides a theoretical justification for the use of CNNs in remote sensing applications. This connection
suggests that CNNs may be similarly effective for other retrieval problems involving indirect measurements, such
as atmospheric constituent retrieval, subsurface property estimation, and medical imaging.

9.4.2 Physics-Informed Learning

The integration of CNN-based models with physical principles, through GNN-based hydrodynamic reduction and
DEB-based biogeochemistry, represents a sophisticated implementation of physics-informed learning. The
models are not purely data-driven; they incorporate physical constraints and mechanistic representations that
improve generalization and interpretability.

The GNN approach, in particular, demonstrates that neural networks can serve as effective surrogates for physical
models while preserving the essential physics through the exchange matrix formulation. This decoupling of
hydrodynamics and biogeochemistry enables efficient simulation without sacrificing accuracy, suggesting a
general approach for reducing computational complexity in coupled physical-biological models.

9.4.3 Multi-Scale Modeling

The framework addresses multiple spatial and temporal scales: from individual satellite pixels (spatial scale of
tens to hundreds of meters) to regional coastal zones (tens to hundreds of kilometers), and from hourly forecasts
to decadal reconstructions. The integration of these scales through CNN-based approaches enables a
comprehensive understanding of nutrient dynamics that transcends the limitations of individual measurement
techniques.

The ability to reconstruct long-term trends from satellite observations and forecast short-term dynamics from time
series data represents a multi-scale approach that is essential for understanding the full range of nutrient dynamics.
This multi-scale capability is particularly important for eutrophication management, which requires understanding
of both long-term trends and acute event-driven perturbations.

9.5 Limitations and Caveats

While the CNN-based approaches demonstrate substantial promise, several limitations and caveats must be
acknowledged.

9.5.1 Data Limitations

The fundamental limitation of CNN-based nutrient retrieval is the availability and quality of training data. In situ
nutrient measurements are relatively sparse compared to the spatial and temporal variability of coastal systems,
limiting the model's ability to learn the full distribution of possible conditions. The "curse of dimensionality"
means that high-dimensional input spaces require exponentially more training data to achieve reliable
generalization, yet nutrient measurements are often limited by logistical and financial constraints.

The challenge is particularly acute for extreme events, which are underrepresented in training data but have
disproportionately large impacts. The CNN-LSTM model's ability to predict typhoon-induced blooms despite the
rarity of such events suggests that the model learns transferable relationships that generalize beyond the training
distribution. However, this generalization cannot be guaranteed, and model predictions under novel conditions
should be interpreted with appropriate caution.

9.5.2 Model Interpretability

The "black box" nature of deep learning models remains a concern for regulatory applications where
interpretability is essential. While techniques such as saliency mapping and feature importance analysis provide
insights into the factors driving predictions, these post-hoc explanations are approximations and may not fully
capture the model's decision-making process.

The integration of physical constraints and mechanistic representations (as in the DEB-based multi-trophic
module) improves interpretability by ensuring that the model's predictions are consistent with physical principles.
However, the core CNN components remain opaque, and there is an inherent tension between the representational
power of deep learning and the transparency required for regulatory acceptance.

9.5.3 Transferability and Generalization

The generalization of CNN models to new environments or time periods remains a significant challenge. Models
trained in one region may not perform well in another due to differences in optical properties, nutrient dynamics,
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and environmental forcing. The case studies presented demonstrate successful application across diverse
environments, but each case required region-specific training and optimization.

The development of generalizable models that can be transferred across regions without retraining remains an
open research challenge. Domain adaptation techniques, multitask learning, and physics-informed approaches
offer potential solutions, but their effectiveness for nutrient retrieval has not yet been comprehensively
demonstrated.

9.5.4 Computational Requirements

While the GNN-based zoning approach dramatically reduces computational requirements for simulation, the
training of CNN models remains computationally intensive. The BES-BO optimization framework, in particular,
requires substantial computational resources due to the need for repeated model evaluations during
hyperparameter search.

For operational deployment, the computational requirements must be balanced against the latency requirements
of the application. Near-real-time applications such as algal bloom early warning require efficient inference, which
is generally achievable with optimized CNN models. However, the training and retraining of models may require
significant computational resources that may not be available in all operational settings.

9.6 Future Research Directions

The findings presented in this paper suggest several promising directions for future research.

9.6.1 Advanced Architectures

The application of emerging deep learning architectures to nutrient dynamics modeling offers potential for further
improvements. Transformers, with their self-attention mechanisms, can capture long-range dependencies in
spectral and temporal data without the sequential processing constraints of RNNs. The attention mechanism can
identify which spectral bands or time steps are most informative for predictions, improving interpretability and
potentially enabling more efficient feature extraction.

Generative models, including GANs and VAEs, offer potential for data augmentation and synthetic data
generation. The generation of realistic synthetic reflectance spectra paired with known nutrient concentrations
could supplement limited in situ data, improving model generalization and robustness. The development of
physically constrained generative models that incorporate radiative transfer principles could further enhance the
realism of synthetic data.

9.6.2 Integration of Multi-Sensor and Multi-Platform Observations

The integration of observations from multiple sensors and platforms offers potential for improving nutrient
retrieval accuracy and temporal coverage. The combination of MODIS, Sentinel-2, and Landsat observations
provides enhanced spatial and temporal resolution, while the integration of in situ sensor networks provides
ground truth validation and calibration.

The challenge of multi-sensor integration lies in the differences in spectral bands, spatial resolution, and
atmospheric correction requirements across sensors. Deep learning architectures that can handle heterogeneous
input data and learn consistent representations across sensors are needed to fully exploit the available observations.
9.6.3 Physics-Informed Deep Learning

The integration of physical principles into deep learning architectures through physics-informed neural networks
(PINNSs) offers potential for improving generalization and interpretability. The incorporation of the governing
partial differential equations into the loss function ensures that the model predictions satisfy physical constraints,
even when data are limited.

The application of PINNs to nutrient dynamics would require the derivation of reduced-order physical models
that are compatible with deep learning architectures. The coupling of these physical models with CNN-based
retrieval and forecasting could create a unified framework that seamlessly integrates observations with physical
principles.

9.6.4 Operational Implementation and Decision Support

The transition from research to operational implementation requires addressing several challenges: the
development of robust data pipelines, the integration of models into decision support systems, and the
communication of model uncertainties to stakeholders. The development of user-friendly interfaces that enable
managers to explore scenarios and interpret predictions is essential for translating research advances into practical
benefits.

The automation of model retraining and updating is necessary to maintain model accuracy over time as
environmental conditions and sensor characteristics change. The development of continuous learning approaches
that can update models incrementally as new data become available would reduce the computational burden of
periodic retraining.

9.6.5 Toward Digital Twins

The ultimate vision for coastal water quality management is the development of digital twins—dynamic, data-
driven representations of coastal systems that can simulate current conditions and forecast future states. CNN-
based nutrient models are a key component of this vision, providing the predictive capability to connect
observations with management actions.

The development of comprehensive digital twins requires the integration of CNN models with hydrodynamic
models, nutrient transport models, and ecosystem models. This integration must address the challenges of model
coupling, uncertainty quantification, and computational efficiency. The GNN-based zoning approach provides a
foundation for efficient coupling, enabling rapid simulation of coupled systems.
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9.7 Broader Implications for Environmental Modeling

The success of CNN-based approaches for nutrient dynamics modeling has broader implications for
environmental modeling beyond coastal water quality.

The demonstration that CNNs can effectively capture complex, nonlinear relationships from remote sensing data
suggests similar approaches for other environmental variables with indirect optical relationships. The retrieval of
nutrient concentrations from reflectance spectra is analogous to the retrieval of soil properties from hyperspectral
data, vegetation parameters from multispectral imagery, and atmospheric constituents from sounding data. The
CNN architecture's capacity for nonlinear feature extraction is broadly applicable to these problems.

The CNN-LSTM architecture's ability to capture event-driven dynamics suggests applications for forecasting
other environmental phenomena with rapid, nonlinear responses to forcing. The forecasting of flood events,
wildfire spread, and disease outbreaks all involve capturing the temporal evolution of systems with complex,
nonlinear dynamics. The integration of CNNs for feature extraction with LSTMs for sequence modeling provides
a general architecture for such forecasting problems.

The GNN-based zoning approach's dramatic reduction in computational complexity suggests applications for
other computationally intensive environmental models. The identification of coherent zones that preserve
connectivity structure enables efficient modeling of transport and exchange processes in diverse systems, from
groundwater aquifers to atmospheric circulation. The approach's success in decoupling hydrodynamics from
biogeochemistry suggests a general strategy for reducing the complexity of coupled physical-biological models.

10. Conclusion

This paper has presented a comprehensive mathematical framework for the application of Convolutional Neural
Networks to nutrient dynamics modeling in coastal waters. The theoretical foundations linking CNN architectures
to the mathematical structure of radiative transfer and nutrient dynamics have been established, demonstrating
that the convolution operation naturally approximates the integral operators governing light-nutrient interactions
in optically complex waters.

The review of recent advances has demonstrated the transformative potential of CNN-based approaches across
diverse coastal environments. The BES-BO-CNN framework achieved R? values exceeding 0.81 for DIN retrieval
in the Yellow Sea, overcoming the fundamental challenge of optically inactive nutrient retrieval . CNN-LSTM
architectures achieved 73% relative accuracy in forecasting algal blooms following typhoon-induced nutrient
surges, enabling early warning of cascade effects . Graph neural network-based zoning approaches reduced
simulation time from hours to minutes while maintaining predictive accuracy exceeding Nash-Sutcliffe efficiency
0f 0.80 .

The synthesis of these advances establishes CNNs as a transformative mathematical tool for coastal nutrient
forecasting. The approach enables data-driven management strategies that address the spatial and temporal
heterogeneity inherent in coastal ecosystems, providing decision support for early warning systems, scenario
analysis, and adaptive monitoring. The integration of CNN-based nutrient models with physical models and
decision support systems represents the path toward digital twins of coastal systems that can anticipate and
mitigate eutrophication impacts.

Future research directions include the development of more interpretable architectures, improved generalization
through domain adaptation and physics-informed learning, and the integration of emerging architectures such as
Transformers and attention mechanisms. The continued expansion of in situ monitoring networks and satellite
data records will provide the data foundation for further advances in deep learning-based nutrient dynamics
modeling, ultimately supporting sustainable management of coastal water quality in the face of increasing
anthropogenic pressures and climate change.
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