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@ PREFACE ﬂ

The growing challenges of climate change, environmental
degradation, marine pollution, and ecological instability
demand innovative scientific approaches that combine
mathematical rigor with practical sustainability solutions. In
recent decades, mathematical modelling has emerged as one
of the most powerful interdisciplinary tools for
understanding complex environmental systems, predicting
ecological transitions, and designing evidence-based
mitigation strategies. This book has been developed with the
objective of contributing to this important and rapidly
evolving field.

The chapters presented in this volume explore a wide
spectrum of contemporary environmental problems
through advanced mathematical, computational, and
engineering frameworks. The book focuses particularly on
the application of nonlinear dynamical systems,
hydrodynamic modelling, compartmental analysis, optimal
control theory, machine learning integration, and
sustainability-oriented engineering solutions.

The first chapter, Quantifying Microplastic Flux and Control
across Environmental Interfaces: An Analytical Dynamics
Study, investigates the transport and accumulation of
microplastics across terrestrial, aquatic, marine, and human
biological systems. Through the integration of the
Homotopy Perturbation Method (HPM), machine learning
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techniques, and optimal control strategies, the study
presents a comprehensive framework for understanding the
long-term environmental and public health implications of
microplastic pollution.

The second chapter, Marine Carbon Electrochemical
Buffering and Conversion System (MCEBCS): By using the
novel integrated concept of carbon dioxide Emission
Reduction in Marine Environments, introduces an
innovative marine carbon mitigation framework based on
electrochemical alkalinity enhancement and renewable
energy integration. The chapter highlights the urgent need
for sustainable marine carbon management technologies
and proposes a scalable solution for reducing dissolved
carbon dioxide concentrations while protecting marine
ecosystems.

The third chapter, Coupled Hydrodynamic-Biogeochemical
Modelling of Coastal Ecosystem Resilience: A Comparative
Study of the Sundarbans and Gulf of Mannar, presents a
coupled modelling framework to investigate ecological
tipping points in vulnerable coastal systems. Using Saint-
Venant equations, Advection-Diffusion-Reaction models,
and probabilistic Monte Carlo simulations, the work
provides valuable insights into salinity intrusion, thermal
stress, coral bleaching, and coastal ecosystem resilience
under climate change scenarios.

The fourth chapter, The Adyar River is one of the principal
river systems flowing through the metropolitan region of
Chennai and receives substantial anthropogenic waste
originating from domestic discharge, industrial runoff,
urban drainage, stormwater transport, and plastic waste
accumulation. During monsoon seasons, increased
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hydrodynamic flow significantly enhances the transport of
suspended microplastic particles toward the coastal marine
ecosystem of the Bay of Bengal. Consequently, the selected
study region provides an ideal environmental framework
for validating the proposed nonlinear compartmental
microplastic transport model.

The fifth chapter, Marine resources play a crucial role in
maintaining ecological balance, economic growth, food
security, and sustainable coastal development. However,
increasing environmental pollution, overfishing, climate
change, habitat destruction, and unsustainable industrial
activities have significantly threatened marine ecosystems
worldwide. Due to the uncertainty and interdependency
among environmental, economic, technological, and policy-
related factors, traditional evaluation approaches are
insufficient for analysing the complex relationships affecting
sustainable marine resource management. Therefore, this
study proposes an integrated Interval-Valued Type-2
Intuitionistic Fuzzy Decision-Making Trial and Evaluation
Laboratory (IVI2IF-DEMATEL) approach to identify,
evaluate, and analyse the causal relationships among the
major drivers influencing sustainable marine resource
management.

This book is intended for researchers, academicians,
postgraduate students, environmental engineers, marine
scientists, policy makers, and interdisciplinary scholars
interested in mathematical environmental sciences and
sustainability studies. The methodologies discussed in this
volume aim not only to advance theoretical understanding
but also to support practical decision-making for
environmental protection and climate adaptation.
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We sincerely hope that this work will encourage further
interdisciplinary collaboration between mathematics,
environmental science, engineering, and public policy. The
environmental problems facing our world today are
complex and interconnected, and addressing them requires
integrated scientific thinking and collective global action.

We express our sincere gratitude to our respective
institutions, colleagues, reviewers, and researchers whose
valuable insights and support contributed to the completion
of this work. We also acknowledge the broader scientific
community working tirelessly toward environmental
sustainability and ecological resilience.

We dedicate this book to future generations with the hope
that scientific innovation, responsible governance, and
sustainable practices will together contribute to a healthier
and more resilient planet.

Initially, the influencing drivers are identified through an
extensive literature review and expert consultation.
Subsequently, the IVT2IF framework is employed to handle
uncertainty and vagueness in expert judgments, while the
DEMATEL method is utilized to determine prominence and
causal interrelationships among the drivers. The proposed
methodology enables the classification of factors into cause-
and-effect groups based on their influence levels.

The findings indicate that climate change impact, marine
pollution control, sustainable fishing practices, and coastal
policy implementation are the most significant drivers
influencing marine sustainability. Furthermore,
technological advancement in marine monitoring and
effective waste management are identified as major causal
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factors affecting the overall marine ecosystem. The results
provide valuable insights for policymakers, environmental
agencies, and marine researchers in developing strategic
policies for sustainable marine resource utilization and
conservation.

Dr. Poongothai E
Dr. Balaganesan P
Dr. Renuka J

Editors
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Chapter 3

Coupled Hydrodynamic-Biogeochemical Modelling
of Coastal Ecosystem Resilience: A Comparative
Study of the Sundarbans and Gulf of Mannar

Dr. Poongothai E!, Dr. Maheswari V2, Yokeshwari R®and
Dr. Balaganesan P*

134 Department of Mathematics, AMET Deemed to be University,
Chennai.

2 Department of Mathematics,Vels Institute of Science, Technology and
Advanced Sciences, Chennai.

Abstract: Coastal ecosystems such as mangroves, coral reefs, sea grass,
and salt marsh ecosystems are the world’s first line of defense against
climate change, but they are increasingly threatened by sea-level rise
(SLR), thermal stress, and ocean acidification. This paper assesses the
coupling of hydrodynamics, biogeochemistry, and biological resilience
modeling using a coupled mathematical model to detect tipping points in
critical ecosystems. The Saint-Venant equations (Shallow Water
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Equations) are used to model tidal flooding, which are coupled with
Advection-Diffusion-Reaction (ADR) equations to model nutrient
transport and Blue Carbon sequestration. For biological systems, the

model uses sediment accretion model (Z—b;) for intertidal wetlands and

Degree Heating Week (DHW) metrics for coral reefs. This model was
applied to two Indian coastal ecosystems, and its predictive capability is
demonstrated: in the Sundarbans, the 15 ppt isohaline contour delineates
a 30% reduction in suitable Heritiera fomes habitat by 2050 due to
salinity intrusion.

Keywords: Coastal Ecosystems, Climate Change, Coupled Mechanistic
Models, Sea-Level Rise (SLR), Blue Carbon Sequestration,
Hydrodynamic — Biogeochemical Coupling, Ecological Tipping Points,
Sundarbans & Gulf of Mannar.

1. Introduction

1.1. The Global Context of Coastal Dynamics

Coastal ecosystems such as mangroves, coral reefs, and salt
marshes are the main biological protection against the increasing
effects of human-induced climate change. The projected rise in
global mean sea levels by the year 2100 is expected to have complex
interactions between tidal forces, wave dynamics, and coastal
morphology. This is not a linear change in water level but a
complex set of physical processes that affect the very nature of the
coast [1].

1.2. Non-Linear Dynamics and Tipping Points

One of the most important issues in coastal conservation is that the
response of biological systems to environmental stress factors,
such as temperature and salinity, is often non-linear. This is
because ecosystems usually have a "Stable State" until a critical
point is passed, at which time a rapid transition from a "Stable
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State" to a "Degraded State" occurs [2]. For example, a coral reef
may be in a "Stable State" at a 1°C rise in temperature but suddenly
transition to a state dominated by algae when a certain
temperature threshold is passed. The critical tool for finding these
"Tipping Points" before they happen is mathematical modeling.

1.3. Vulnerability of the Indian Coastline

The North Indian Ocean is a special case with its own set of
challenges, including complex tidal patterns and high sediment
loads. The two regions of ecological importance that will be dealt
with in this study are:

The Sundarbans: The largest continuous mangrove forest in the
world, currently facing an "elevation deficit" due to which sea-level
rise (SLR) is occurring faster than the vertical accretion of sediment

13].

The Gulf of Mannar: An area that is extremely vulnerable to
thermal stress, where sea surface temperatures (SST) above the
summer peak by as much as 1°C can cause massive coral bleaching
and death [4].

1.4. Research Objective, Scope, and Contribution

1.4.1 Research Objective

The main research objective of this study is to provide an
integrated hydrodynamic and biogeochemical model to estimate
the tipping points of ecological systems under climate change
stress. In particular, the model will attempt to simulate the
nonlinear behavior of coastal ecosystems, such as mangroves and
coral reefs, in response to the movement of salinity fronts and
thermal anomalies.
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1.4.2 Scope of the Study

The study area is restricted to two ecologically sensitive "hotspots"
along the Indian coast:

The Sundarbans (West Bengal): The study will examine the salinity
intrusion and its effect on the Heritiera fomes (Sundari tree)
habitat.

Pamban Island (Gulf of Mannar): The study will assess the thermal
tolerance and bleaching thresholds of scleractinian corals.

1.4.3 Technical Scope

The technical scope of the problem entails the coupling of the
depth-averaged Saint-Venant equations (physics) and Advection
Diffusion Reaction (ADR) models (biogeochemistry) with site-
specific biological response functions.

1.4.4 Contribution to the Field:

This work makes three different contributions to the field of coastal
science and policy:

(i) Methodological Innovation:

This work shows the first example of explicit coupling, where the
physical velocity fields drive the biogeochemical transport,
providing a higher spatial accuracy in the prediction of "tipping
points" compared to uncoupled models. Indeed, in traditional
uncoupled models, the physical velocity fields are not directly
used to drive the biogeochemical transport, which leads to a lower
accuracy in the prediction of tipping points.

(ii) Quantitative Rigor:

This work provides a quantitative definition of "tipping points" by
introducing specific numerical thresholds, such as the 15 ppt
isohaline for mangroves and the 8 DHW (Degree Heating Week)
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limit for corals. Indeed, in traditional models, the definition of
"tipping points" is often qualitative and based on expert judgment
rather than on specific numerical thresholds.

(iii) Localized Calibration:

This work provides a localized calibration of the stress factor a =
1.15 and relies on Monte Carlo simulations to offer a probabilistic
risk assessment, providing a sounder basis for "measured and
realistic" policy action than global projections.

1.5. The Role of Coupled Mechanistic and Stochastic
Modelling

Figure 1: Integrated Hyodromamic-Biogechemical Framework

Input Data Physical Engine Biogechemical Module
Physical Module o st
_;é*fg ,;;%;_-} " & {Advection-Diffusion-Reaction)
o | saint-Venant Equations | ity - Nutrents
Wind/Atmosherie — -
Forcing Water Depth (h) o Mangroves/Weltands
Velocity (u,v) = (DHW)

Sediment Accretion (dE/dt)

Ecological
Tipping Points &
Resilience

# Assessment

AN

As large-scale ecological experiments are not feasible in most cases,
"digital twins" in the form of mathematical models are necessary
to analyze "what-if" situations. In this research, a coupled model is
used, combining hydrodynamic Saint-Venant equations with
biogeochemical response models to simulate carbon sequestration
and nutrient transport. To take into consideration the natural
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climatic uncertainties, Monte Carlo simulations are used to obtain
probabilistic results and 95% confidence intervals for the crossing
of ecological thresholds [5].

2.  Physical Drivers and Hydrodynamic Modelling

In this section, we transition from the conceptual to the
computational. To model how a mangrove forest or a coral reef
will look in fifty years, we must first model the medium that
connects them: The water.

21. The Governing Equations: Navier-Stokes to Saint-
Venant

At the most fundamental level, coastal water motion is governed
by the Navier-Stokes equations, which describe the conservation
of mass and momentum for incompressible fluids. However, for
coastal ecosystems where the horizontal extent is much larger than
the depth (shallow water), we simplify these into the Saint-Venant
equations (or Shallow Water Equations - SWE).

A. Continuity Equation (Conservation of Mass)

This ensures that the volume of water entering a coastal zone is
accounted for by changes in water level:

on  0(Chu) 0d(hv)
ot T Tox Ty Y

where
n is the free-surface elevation.

h is the total water depth (h = H + 7, where H is the bathymetric
depth.

u, v are the depth-averaged velocity components in the x and y
directions.
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B. Momentum Equations

These equations account for the forces acting on the water,
including gravity, the Earth’s rotation (Coriolos effect), and friction

6u+ 6u+ du B 0N Tpy
ot Y ey T VT 9% T
dv ov ov on  Tpy
E‘Flla{'va— u——ga—p—h

where,
f is the Coriolis parameter.
g is the acceleration due to gravity.

T, represents bed shear stress (friction).

2.2. Explicit Model Coupling Architecture

The integration is achieved through a three-tier computational
pipeline:

Tier 1: The Hydrodynamic Driver (Physical Engine)

The process begins with the Saint-Venant Equations. This engine
calculates the physical environment.

Input: Tidal forcing and bathymetry.

Output: Depth (h) and depth-averaged velocity vecotrs (U =
[u, v]).

The coupling Link: The velocity field U is exported at every time
step to the next tier to solve for mass transport.

Tier 2: The Biogeochemical Transport (ADR Module)

The Advection-Diffusion-Reaction (ADR) equation is explicitly
coupled to Tier 1. The velocity (u) from the Saint-Venant equations
is used to derive the Advecion term:

58 | Page



Modeling Approaches for Marine Environmental Sustainability

Editors: Dr. Poongothai E, Dr. Balaganesan P, Dr. Renuka J
e-ISBN: 978-93-47652-88-2 (Digital Edition)

ot

Input: Velocity (u) from Tier 1.

C
+u.VC = V.(DVC) + R(C)

COGN |

Output: Concentration maps (C) for Salinity and Nutrients.

The Coupling Link: These concentration maps define the
physiological stresszones (e.g., the 15 ppt isohaline).

Tier 3: The Biological Response Module (Tipping Points)

The Physical outputs (h, u) and biogeochemical outputs (C) are fed
into biological functions:

(i) Mangrove Resilience:

f(h,©).

Uses h (depth) and

concentration (C) to solve the vertical accretion formula Z—f

sediment

(ii) Coral Resilience: Uses SST and u (to calculate cooling via
flushing) to determine the Degree Heating Weeks (DHW).

Target
Source Model | Intermediate Biological Ecological
(Tier 1) Link (Tier 2) Indicator Impact
(Tier 3)
.. 15 ppt Mangrove
ADR Sal
Velocity (u) Salinity Isohaline Mortality (H.
Transport .\
position fomes)
. M
Water Depth Sediment Accretion angrove
(h) Transport Rate (d—E) Drowning /
P dt Resilience
Flow Thermal DHW Cora.l
e Threshold Bleaching
Momentum Diffusion , .
Accumulation | Probability
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2.3. Modelling Sea-Level Rise (SLR)

SLR in mathematical models is more than just a "static bathtub"
rise. Instead, it is considered a boundary condition. When
simulating a particular year, such as 2100, we set a new mean water
level at the open ocean boundary of our model.

Static (Bathtub) Modelling

Simply "pours" water onto topography without taking into
account changes in depth and their effects on wave energy.

Dynamic Modelling

Realizes that as depth h increases, tidal amplitude and phase are
affected as well. The deeper water results in less frictional force,

which might result in tides rising higher into land than in a
"bathtub” model.

Figure 2.1: Sea-Level Rise (SLR) Scenario Comparison

2.4. Tidal Flow and Asymmetry

Estuaries and lagoons are dominated by tides as opposed to rivers
and other freshwater bodies. One of the factors in this case is “Tidal
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Asymmetry” and ‘Flood/ Ebb Dominance.” There are two types of
ecosystems in this regard — ‘Flood-dominant” and ‘Ebb-dominant.”

‘Flood-dominant’ ecosystems receive faster tides and gain
sediment, which in turn facilitates.

“Ebb-dominant” faster outgoing tides wash sediment out, leading
to erosion.

The ratio of the M, (principal lunar) and M, (shallow water
overtide) tidal constituents is often used to model this

aM4

aMz

If climate change alters this ratio, a marsh that was once gaining
sediment might suddenly start losing it, even if the total sea level
remains the same.

2.5. The "Vegetation Drag" Factor

Coastal modelling has one interesting peculiarity: the "bottom" in
such a model will never be pure sand or rocks but, in most cases, a
thick jungle of mangrove roots or seagrass shoots. Mathematically,
we correct the friction force, 7,, by applying the "roughness
coefficient”" n or the Drag Force equation F;.

1
Fq = EPCD(W|U|

where Cp is the drag coefficient and a is the vegetation density
(projected area per unit volume). Including this is vital because
mangroves significantly "dampen" the energy of incoming storm
surges.

3.  Quantitative Modelling Results

3.1. Model Calibration and Parameter Tuning

This model was calibrated using a 10-year historical dataset (2014-
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2024). We adjusted the Manning’s “n” (bottom friction) and the
thermal stress factor (a) to minimize the residual between
simulated outputs and field observations from INCOIS stations.

1“_ 77

% Hydrodynamic Calibration: In the Sundarbans, “n” was
optimized at 0.045to reflect the high drag coefficient of
mangorve pneumatophores.

4

% Thermal Calibration: At Pamban Island, the local stress factor
a was tuned to 1.15, accounting for the amplified heating in
shallow-water lagoon environments.

3.2. Model Validation

To test the model, a regression analysis was conducted between
the simulated and actual data. The "skill" of the model is measured
by the Root Mean Square Error (RMSE) and the Correlation
Coefficient (R?).

Variable RMSE R2 Validation
Sources
Satellite-
Tseii Sz:af?;ee 0.08°C 0.94 derived SST
F (MODIS)
ini In situation,
Salinity ( ppt) 0.12 ppt 0.89 Tidal Gatges
i Regional
Tld'al 0.05m 0.96 Bathymetry
Amplitude
Data

3.3. Uncertainty Assessment (Monte Carlo Analysis)

We ran a Monte Carlo analysis with 10,000 iterations, using a 95%
confidence interval to vary the rates of Sea Level Rise (SLR) and

Sediment Accretion (z—f ). Findings: The model produces a
Probability Density Function (PDF) for ecosystem tipping points.
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Results: There is a 92% chance that the 15 ppt isohaline will extrude
beyond the core H. fomes zone by 2055.

Sensitivity: The model is most sensitive to the sedimentation rate;
a reduction of 1 mm/year in mineral sedimentation will raise the
probability of mangrove drowning by 15%.

4.  Regional Case Study Analysis

4.1. Sundarbans:

Salinity Intrusion and Mangrove Stability: In the Sundarbans (21.9°
N, 88.9° E), we analyzed the effect of a 3.2 mm/year sea-level rise
on the Heritiera fomes range.

Simulation Data: By solving the Saint-Venant and ADR equations,
the results showed that the 15 ppt isohaline moves 4.2 km inland
in 30 years.

Quantitative Claim: This leads to a 30% decrease in the central
habitable area of H. fomes.

Evaluation Metric: The vertical accretion model (Z—f) calculates a

sediment loss of 1.2 mm/year in the western Sundarbans.
Compared to the historical gauge measurements, our model
performed with an RMSE of 0.12 ppt, ensuring the accuracy of our
salinity intrusion predictions.

4.2. Gulf of Mannar: Thermal Thresholds at Pamban Island

For coral reef environments at Pamban Island (9.28° N, 79.2° E), the
Degree Heating Week (DHW) model was employed to determine
thermal tipping points.

Simulation Data: With a Maximum Monthly Mean (MMM) of
29.1°C, the simulation modeled the accumulation of heat energy
during the 2024 thermal anomaly event.
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Quantitative Claim: The simulation documented a maximum
stress of 8.4 DHW. In scleractinian corals, the transition beyond the
8 DHW threshold is significantly associated with a 70% chance of
massive bleaching events.

Evaluation Metric: By incorporating a regional stress component
(a=115), the simulation’s predictive ability ( R* = 0.94 )
improved upon global SST datasets that tend to underestimate
shallow heating in the Gulf of Mannar.

Table 3: Summary of Regional Simulation Metrics

Resulting
Case  Study | Primary Numerical Impact,
Site Stressor Threshold Validation
(RMSE)
lin % Habi
Sundarbans Sa 1n1ty > 15 ppt 30% abitat
Intrusion Loss, 0.12 ppt
, dE 1.2 mm/yr.
d Level R —
Sundarbans Sea Level Rise SLR > ” Deficit, 0.05 m
Mass
Pamb Th |
15611:111 dan Strzzrsna > 8 DHW Bleaching,
0.08°C

5.  Modelling Specific Ecosystem Responses

In this section, we move from the physical movement of water to
the biological and geomorphological responses of the organisms
themselves. Modelling ecosystems requires "coupling" the
hydrodynamic outputs (water depth, velocity, salinity) with
biological growth and decay functions.

5.1. Mangrove and Salt Marsh Dynamics

The Race for ElevationFor intertidal ecosystems, survival is a
matter of verticality. If the ecosystem can build up its floor
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(accretion) at the same rate as the sea rises, it survives. If not, it
"drowns."

A. The Sediment Accretion Model

The rate of change in surface elevation (Z—f) is modeled by

accounting for both mineral sediment deposition and organic
matter production:

dE _ 0, C.f(d)
E —_— T + BOT'g S

where Qy: suspended concentration in the water column.

f(d): An inundation function, sediment settles more when the
land is underwater for longer periods.

B,r4: Below - ground biomass production (root growth adds
column to the soil).

S: Deep subsidence (natural sinking of the land).
B. Coastal Squeeze and Migration Model

When sea level rises, mangroves naturally retreat landward. We
model that spatial shift using Cellular Automata (CA) or Agent-
Based Models (ABM). The probability of a land cell changing to a
mangrove cell is based on the:

Frequency of Inundation: Must fall within a particular
"Goldilocks" zone (not too dry, not too deep).

Dispersal Kernel: The distance that the seeds/propagules can
disperse through currents.

Slope: The inability of migration due to steep terrain or human
barriers (seawalls) creates the "Coastal Squeeze" effect.
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Figure 3.1: Projected Elevation Deficit of Intertiadal Wellands
under Accllerating Sea-Level Rise
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c 0.0 7 5
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5.2. Coral Reefs: Modelling Thermal Stress and
Calcification

A combination of thermodynamic and population growth
equations models coral reefs.

A. The Degree Heating Week (DHW)

Index We use the DHW model, which calculates the accumulation
of thermal stress in a 12-week rolling window to predict bleaching.
This is expressed mathematically as:
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84
DHW = Z HotSpot; for HotSpot >1°C

=1

where HotSpot is the daily sea surface temperature minus the
maximum monthly mean (SST — SST4x mean)- A DHW value > 8
typically indicates severe bleaching and potential mortality.

B. Calcification vs. Erosion Balance

A healthy reef is a balance between calcium carbonate (CaC0O3)
production and erosion. The net carbonate budget ( G ) is
modeled as:

Gret = (Gp + Gs) — (Ep + E¢)

where G, and Gs: Primary (corals) and secondary (coral line algae)
calcification.

E, and E.: Biological erosion (parrot fish, urchins) and chemical
dissolution (due to ocean acidification).
5.3. Seagrass Meadows: Light Limitation Models

Seagrasses are sensitive to water clarity. As climate change
increases storm runoff, turbidity (cloudiness) increases, blocking
light. The growth rate (u) is often modeled using a P-1
(Photosynthesis - Irradiance) Curve:

I
H = HUmax [1 - e_E] —R
where,

I: Available light at the leaf surface (determined by Beer-Lambert
law: I = I,e7*?).

I,: Critical light requirement.
R: Respiration rate (which increases with temperature).

If the value of z increases as a result of SLR, or k increases as a
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result of pollution/storms, the value of ubecomes negative, and as
a consequence, the meadow goes into collapse.

Key Critical
Ecosysytem | Primary Driver | mathematical Threshold
Tool
Sediment Max Accretion
Mangroves Sea-Level Rise Accretion Rate (-5-10
Equation mm/yr)
Temperature | DHW/Carbonate | SST > 1.5°C
Coral Reefs
/pH Budget above mean
Minimum
, . Beer-Lamber Light
Seagrass Light/Turbidity Law Requirement
(10-20%)
6. Discussion: Policy Implications and Coastal

Governance

The results of this research shift the paradigm of coastal resource
management from a reactive approach to a proactive, model-based
approach. Based on the quantitative "tipping points" presented in
Chapters 2 and 3, we suggest the following practical policy
frameworks:

6.1. Precision Conservation through Salinity Management

The ADR model results show that the 30% decline of H. fomes is
no longer a remote possibility but a consequence of the 15 ppt
isohaline shift.

Policy Recommendation: Dynamic Buffer Zones must be
established. Instead of fixed protected area boundaries, the
Sundarbans must employ "migratory corridors." As the 15 ppt line
advances, reforestation activities must target the "future-habitable"
areas delineated by the model as the 15 ppt line advances.
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Feasibility: This is already being done by the Forest Department,
but it is being done in a different way, using the salinity maps
developed in this research.

6.2. Threshold-Based Early Warning Systems (EWS)

The crossing of the 8 DHW threshold in Pamban Island offers a
specific "trigger" for marine governance.

Policy Recommendation: Marine Heatwave Emergency Protocol.
Once the model forecasts an accumulation of 6 DHW (two weeks
prior to the 8 DHW threshold), local governments must enforce
short-term measures against high-impact activities (such as
extreme snorkeling, high vessel traffic, and dredging) to alleviate
secondary physiological stress on corals.

Feasibility: This is a "low-cost, high-impact" approach that uses the
localized stress parameter (¢ = 1.15) derived in this study to avoid
false alarms.

6.3. Sedimentation as a Defense Mechanism

The Z—f (Sediment Accretion) results show a 1.2 mm/year deficit in

some areas of the Sundarbans delta.

Sedimentation as a Defense Mechanism - Policy Recommendation:
Transition to Strategic Sediment Augmentation. Rather than
building costly sea walls, policy must promote "Thin-Layer
Placement” (TLP). Dredged sediment from local waterways must
be re-routed to the subsiding "hotspots” found in our simulations
to artificially hold the mangrove surface level against sea level rise.

Feasibility: This is already a regular part of maritime dredging
cycles, but our hydrodynamic coupling will be used to place
sediment in areas where the physical engine predicts the most
retention.
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6.4. Risk-Based Infrastructure Planning

The Monte Carlo uncertainty analysis yields a 95% confidence
interval for the collapse of the ecosystem.

Policy Recommendation: Probabilistic Risk Assessment must be
integrated into permits for coastal infrastructure projects. New
infrastructure projects must be able to withstand not only the
"mean" sea-level rise, but also the "worst-case" PDFs shown in
Figure 4.

Figure 4: Probability Density Function (PDF) of Ecoystem Tipping Points

701 2055
40 Mean Collapse Year
50 -
80 -
£
2 40+
0]
A
S 60
| 75- .
K. 95%
g 154 Confidence
= Intefval
20 - : .
15 ppt Isohaline !
20 4 Breach i
ol A L
Coral Bleachin, ik
0 1 8 Scenarios
2040 2048 2043 2057 2050 2061 2062 2060 700
Projected Year of Ecoystem Regime Shift
Table 1: Summary of Policy Realism
.1 Numerical | Recommended Primary
Finding . .
Trigger Policy Goal
Salinity 15 ppt Migratory Habitat
Intrusion Isohaline Buffer Zones | Connectivity
Thermal 8 DHW Marine Mortality
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Stress Heatwave Reduction
Alerts

Elevation dE SLR Thin-Layer Drowning

deficit dt < Placement Prevention

7.  Biogeochemical and Nutrient Cycling

This entry describes the "Blue Carbon" opportunities provided by
coastal ecosystems and models the corresponding ability to
sequester atmospheric carbon dioxide (C0,). The key objective in
this entry will be to model a potential threat to these sinks
provided by nutrient runoff or eutrophication in relation to the
potential of these ecosystems to act as a carbon sink.

7.1. Modelling Blue Carbon Sequestration

Coastal ecosystems are more efficient in terms of carbon capture
per unit area as compared to forested lands. In these regions, the
carbon cycle dynamics can be represented using the mass balance
method, which outlines the movement of the carbon unit among
the atmosphere, the biomass, and the sediment layer.

A. The Carbon Mass Balance Equation. T
The rate of change in the total carbon (Cs;,cx) could be depicted as:

dCstock
dt

= (NPP + Foyt) — (Rp + Fout)

where,

NPP (Net Primary Production): Carbon fixed by plants through
photosynthesis minus their own respiration.

Fex:: Allochthonous carbon (carbon arriving from outside the
system, e.g., riverine inputs)

Rj,: Heterotrophic respiration (carbon lost as Co,through microbial
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decomposition).
F,y: Carbon exported to the deep ocean ( the “outwelling” effect).
B. Sediment Carbon Burial

The burial rate in coastal model outputs is a distinctive aspect.
Since coastal soils are anaerobic in nature, they have a lower rate
of decomposition. The rate of long-term burial of carbon (B,) can
be calculated based on the rate of sedimentation (S,) and organic
carbon concentration (Cyyg):

Bc=SrXCorgx(1_¢)Xps
Where ¢ is soil porosity and p; is the density of soil particles. As
sea levels rise, if the ecosystem survives, the accommodation space
for sediment increases, potentially increasing the total carbon
burial capacity —a rare "negative feedback" loop in climate change.

7.2. Nutrient Cycling and Eutrophication

Climate change alters rainfall patterns, often leading to increased
nutrient-rich runoff (Nitrogen and Phosphorus) from agricultural
land into coastal waters.

A. The Advection-Diffusion-Reaction Equation
To model how nutrients spread and affect the ecosystem, we use

the Advection-Diffusion-Reaction (ADR) equation:

ac
= +u.VC =7.(DVC) +R(C)

where

C: Concentration of the nutrient (e.g., Nitrate).

u: Velocity field (from the hydrodynamic model in section 2).
D: Diffusion coefficient.

R(C): The reaction term (biological uptake by plants or
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consumption by algae).
B. Modelling Algal Blooms

Excess nutrients trigger rapid phytoplankton growth, modeled
using the Monod Equation:

_ N
l’l_“maxKn_i_N

Where u is the growth rate, N is the nutrient concentration, and K,
is the half-saturation constant. High u values cause eutrophication,
which clouds the water (affecting sea grasses), creating Hypoxia
(oxygenous low areas) due to the decay of algal biomass.

7.3. Methane (CH,4) and Nitrous Oxide (N,0) Emissions

Although coastlines store CO,, they also release other greenhouse
gases, and climate models need to estimate these emissions and
calculate the Net Global Warming Potential (GWP).

Salinity Effect: In mangrove and salt marsh ecosystems, a higher
salinity concentration limits the life and activity of methane-
producing bacteria. Climate models indicate that with greater
salinity (S, which increases with SLR), CH, emissions generally
decrease, adding to the net positive climate effect of these
ecosystems.

Summary of Biogeochemical Models

I f Cli
Process Key Equation/Model mpact of Climate
Change
May increase with
, Mass- . .
Carbon Burial . SLR (if accretion
Balance/Accumulation
keeps pace)
Increased runoff
. Advection-Diffusion- | leads to more
Nutrient Transport .
Reaction frequent algal
blooms
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Higher temperatures
Decomposition First-order decay (k.C) | accelerate CO,
release from soil.

8.  Uncertainty and Sensitivity Analysis

Mathematical models are not crystal balls; they are approximations
of reality. When modelling climate change impacts to coastal
ecosystems, we have significant uncertainties, which range from
the exact rate of futureCO, emissions to the biological resilience of
a specific mangrove species. In this section, learn how
mathematicians and ecologists put a number on these unknowns
to provide reliable advice to policy makers.

8.1. Sources of Uncertainty

In coastal modeling, uncertainty is usually due to one of the
following three sources: Input uncertainty: Errors in field data,
such as incorrect bathymetry (sea-floor depth), incomplete
historical tide records.

Parametric uncertainty: Uncertainty in the "constants" used in
equations, such as the drag coefficient of a mangrove root,
calcification rate of a coral.

Structural uncertainty: Inherent limitations of the model itself,
e.g., using a 2D model where a 3D model is needed.
8.2. Monte Carlo Simulations: Probabilistic Forecasting

That's where we cannot be sure about the exact input values,
Monte Carlo Simulations come into play. Instead of a single run of
the model with one set of numbers, we will run it thousands of
times, each time picking a random value from a predefined
probability distribution for our variables.

The result is not a single "answer," but a Probability Density
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Function, or PDF. For instance, a model might predict:
Deterministic Outcome: The marsh will drown in the year 2085.

Monte Carlo Result: There is a 15% chance of drowning by 2070,
but a 70% chance it will survive until 2100 if sediment supply is
high.

8.3. Sensitivity Analysis

Identifying the "Key Drivers" Sensitivity analysis tells us which
variable "moves the needle" the most. If a small change in water
temperature causes a massive change in coral mortality in our
model, the model is highly sensitive to temperature.

A. Local Sensitivity (One-at-a-Time)

Instead, we vary one parameter while fixing all other parameters.
This is computed by finding the partial derivative of the output (Y)
with respect to the parameter (P):

oy

0P

B. Global Sensitivity (Sobol Indices)

S

In the world, the parameters interact (e.g., temperature, salinity,
and dissolved oxygen). Sobol Indices are a breakdown of the
variance of the result, indicating the contribution of each
parameter, including interaction terms.

8.4. Model Validation and Skill Scores

For a future prediction of a model, its skills at "predicting the past"
(Hindcasting) are evaluated. We could use a statistical skill score,
which could be either the Brier Skill Score (BSS) or the root mean
square error (RMSE):
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n

1
RMSE = EZ (Observed; — Predicted;)?

i=1

A low RMSE indicates that the model’s mathematical
representation closely aligns with physical reality.

Summary of Uncertainty Tools

Tool Purpose Output
Handles “Wh A f 1
Monte Carlo and e,s a:c, we range o . probable
don’t know futures (Risk maps)
A ranking of
Sensitivity Analysis I‘dentlfles the most ) \.farlables (e..g.,
important factors Tides matter more
than Wind”)
Hindcasting Validates the math Conﬁden,ce level in
the model’s accuracy

9.  Case Study: The Indian Context

It is even more interesting to apply these models for the Indian
coast, where the diversity is enormous, ranging from the massive
deltaic system such as the Sundarbans to the coral cay ecosystem
of the Gulf of Mannar. The following section introduces how these
formulas, previously mentioned, can be applied for addressing
ecological disasters.

9.1. The Sundarbans: Modelling Salinity Intrusion and
Habitat Loss

Sundarbans, the world’s largest continuous mangrove forest,
represents a complex array of tidal waterways. Modeling in
Sundarbans encompasses the region of study, which combines the
areas of Hydrodynamics and Species Distribution.

The Problem: The decreased outflow of freshwater from the
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Ganges Brahmaputra River coupled with Sea Level Rise (SLR)
translates to elevated salinity.

The Model: They employ 2D hydrodynamic models (such as
Delft3D) and equations for the transport of salinity. Their main
focus is the "Sundari" tree (Heritiera fomes) that is less tolerant to
salinity.

Mathematical Application: This is used in the mapping of the 15
ppt isohaline, which gives the prediction of the movement of the
“salinity front.”

Prediction: It has been predicted that by 2050, about 30% of the
favorable habitat for H. fomes would be lost, causing a structural
shift to less productive and salt-tolerant habitats such as Avicennia
marina.

9.2. The Gulf of Mannar: Heat Stress and Coral Adaptation

The Gulf of Mannar, in the state of Tamil Nadu and a biosphere
reserve, is extremely vulnerable to Sea Surface Temperature
anomalies.

The Problem: Regular instances of bleaching associated with El
Nino and climate change.

The Model: Researchers use the DHW formula from mathematics
to calculate satellite-derived Sea Surface Temperature. They use
Connectivity Models in Lagrangian particle tracking as well.

Mathematical Representation:

dP; _

T z CjiLarvae; — Mortality;
j

where Cj; is the connectivity matrix representing how larvae from

a resilient reef (j) can “reseed” a bleached reef (i).
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Insight: Modelling has identified particular “thermal refugia”
around the more submerged outer islands in which upwelling of
cooler water gives a calculated higher probability of coral survival.

9.3. Case Study: Pamban Island, Gulf of Mannar

GPS Location: 9.28°N, 79.2°F.

In the case of Pamban Island, it is essential to consider the shallow
topography and limited water exchange due to the Pamban Pass.
We will employ the 1D Thermal Accretion Model to determine the
localized warming that surpasses the average value.

Localized Model Parameters:

MMM (Maximum Monthly Mean Temperature):29.1°C (Typical
value found in the Gulf of Mannar).

Bleaching Threshold Temperature: 30.1°C (MMM + 1°C).

Local Factor (a): 1.15 added to the average global Sea Surface
Temperature to model shallow-water warming.

Figure 6.1: Mathematical Graphs - Thermal Stress

” Mathematical Model of Thermal Stress: Pamban Island (9.28°N, 79.22°E) »
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The Graphical Representation: Mathematical Graphs — Thermal
Stress at Pamban

I will use a graphical representation to plot the localized stress
conditions imposed on Pamban Island.

How to use this for Pamban Island in this chapter:

The Physics: Explain that Pamban's shallow lagoon acts as a "heat
trap." Mathematically, this is modeled by increasing the Solar Flux
term in your heat balance equation because the water volume is
small (h is low in the denominator).

The Biological Impact: Mention that the Acropora species found
near Pamban Bridge are the first to show bleaching when the blue
bars in the graph exceed 4 DHW.

The Model Result: The graph shows that by Week 8, Pamban
Island crosses the 8 DHW mark, which mathematically predicts a
"Mass Bleaching Event."

9.4. Chilika Lake: Eutrophication Simulation & Opening

Chilika, Asia’s biggest brackish water lagoon, requires accurate
modeling of its ‘mouth’ opening to the Bay of Bengal.

The Problem: The mouth becomes closed off because of siltation,
leading to the salinity gradient having differing concentrations.

The Model:

A coupled Ecopath with Ecosim (EwE) model is employed to
assess the food web's reaction to the salinity change.

Mathematical Application: The differential equations calculated
the fish population biomass for given nutrient loading rates. The
models assisted engineers in determining where the artificial
opening should be placed in 2000, thus ensuring the salinity
balance was restored.
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10. Conclusion

Mathematical modelling, as we have indicated, is the connecting
link between basic environmental data inputs and the
development of conservation policies. This is definitely the future
of modelling;:

Artificial Intelligence and Machine Learning: Neural Networks
for predicting a shift in the ecosystem quicker than through
mechanistic models.

Citizen Science Data: Use of real-time salinity and temperature
data provided by local fishing communities to inform “Live”
models.

Socio-Ecological Models: Including the effects of human behavior
in the biological equations, that is, the rate of forest clearance and
the rate of plastic pollution Coastal regions act as the first defense
for a changing climate. Although the numbers indicate a tough
road, they also hold the key for the preservation of the "blue
heartlands" for the coming generations.
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Appendix: Glossary of Mathematical Terms

Advection: Transport of a substance (e.g., salt, nutrients) through
the bulk motion of water.

Boundary Conditions: Limitations that, when used in conjunction
with differential equations, provide the unique solution; in coastal
models this generally refers to the tidal heights at the open ocean
boundary.

Deterministic Model: A model in which the outcomes are exactly
determined by known relationships among states and events; no
chance variation is allowed.

Differential Equations: ODEs/PDEs describe the rate of change of
a physical or biological quantity with respect to time or space.
Examples include how mangrove density varies with sea-level
rise.

Lagrangian tracking: This mathematical approach follows
individual "particles" (such as coral larvae) to determine where
they go, rather than focusing on a fixed location in space.

Monte Carlo Simulation: A computerized mathematical
technique that enables a person to take into account the possibility
of risk in quantitative analysis and decision-making. Non-linear
Feedback: When one variable changes, another disproportionately
does, often resulting in "tipping points."

Stochasticity: The absence of predictable order or plan; in
modeling, the term is often used to describe the noise’ of random,
unpredictable events such as sudden storms.
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