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Preface

This book provides a unified treatment of the physical sciences that describe
theoceanenvironmentand their application to the structural integrity, acous‐
tic behaviour, safety, and environmental impact of ships. It is intended for
senior undergraduate and early postgraduate students in naval architecture,
marine engineering, ocean engineering, and maritime science, and assumes
familiarity with single‐variable calculus, introductory mechanics, and basic
thermodynamics.

A ship operates within a complex physical environment characterised by
oceanwaves, electromagnetic propagation, atmospheric dynamics, stratified
water columns, and acoustic fields. Understanding these phenomena—and
their implications for structural loading, navigation, safety, and environ‐
mental stewardship—is essential for the modern maritime engineer and
ocean scientist. This text treats each domain from first principles, derives
the governing equations, and connects them to maritime practice through
worked applications.

The organisation beginswithwavemechanics (Chapter 1), then addresses
the broader physical environment—electromagnetic navigation, marine
meteorology, and physical oceanography (Chapters 2–4). It continues with
structural mechanics of ships (Chapter 5), underwater acoustics (Chapter 6),
and concludes withmaritime safety and risk physics (Chapter 7) and environ‐
mental physics inmaritime operations (Chapter 8).

Vahit ÇALIŞIR
March 2026

ix



Contents

x



Chapter 1

WaveMechanics andOceanWaves

1.1 Introduction

Ocean waves are the dominant environmental force acting on ships and off‐
shore structures. Wavemechanics governs the prediction of wave loads, ship
motions, structural designcriteria, andsafenavigationprocedures. Wavesare
also generated by the vessel itself as it moves through water, and these ship‐
generatedwaves impose a fundamental speed limit on displacement hulls.
Bejan et al. (2020) identified the transverse bow wave as a critical phe‐
nomenon that limits boat speed and shapes optimal hull proportions.

1.2 Scientific Background

1.2.1 Fundamentals ofWave Physics

A particularly important class of surface gravity waves for naval architecture
is the transverse wave generated by a moving hull. As a displacement vessel
moves through water at speed V , it generates a pattern of waves—the Kelvin
wave pattern—consisting of divergent and transverse components. The trans‐
versewave has awavelength that increaseswith vessel speed.

Bejan et al. (2020) described the critical (or hull) speed as the velocity at
which thewavelength of the transverse bowwave equals thewaterline length
of the boat:

Equation 6.1—Critical (hull) speed:

Vc =

√
g LWL

2π
(1.1)

where g is gravitational acceleration and LWL is the waterline length. In the
traditional imperial form used by Bejan et al. (2020), this expression reduces
to Vc ≈ 1.25

√
LWL with Vc in knots andLWL in feet.

When a hull approaches Vc, the transverse bowwave grows and traps the
boat in its own wave trough. The resistance increases sharply, and the boat

1



Chapter 1. WaveMechanics and OceanWaves

rides in a “cradle” formed by its ownwave system (Bejan et al., 2020). Beyond
Vc, the hull must climb over or plane on top of its bowwave, which requires a
fundamentally different hull form (planing hull) or dramaticallymore power.

This wave‐trapping phenomenon has a direct evolutionary consequence:
to achieve higher critical speeds, hulls must be longer. Bejan et al. (2020)
showed that the optimal proportions of sailing vessels—specifically the
length‐to‐beam ratio and the relationship between waterline length and
displacement—can be derived from the requirement to maximise speed
relative to thewave speed limit.

1.2.2 Classification of OceanWaves

Oceanwavesspananenormous rangeofperiodsandwavelengths. Dera (1992)
classified the continuous spectrumof surface oscillations by period:

• Capillary waves (T ≈ 0.1 s): generated by wind stress on the surface,
restored by surface tension.

• Wind‐generated gravity waves: ultragravity (T ≈ 1 s), ordinary grav‐
ity (T ≈ 10 s), and infragravity (T ≈ 100 s). Ordinary gravity waves
with T ≈ 10 s carry the greatest potential and kinetic energy, with aver‐
age heights of about 1mand extreme heights exceeding 13m in strong
winds.

• Long‐period waves (T ≈ 103–104 s): generated by storms and earth‐
quakes (including tsunamis).

• Tidalwaves: ordinary tidal waves (T ≈ 12h) and transtidal waves (T ≥
24h), driven by the gravitational attraction of theMoon and Sun.

• Seiches: free oscillations of an entire enclosedor semi‐enclosedbodyof
water, analogous to the oscillation of water in a bowl (Dera, 1992).

In addition to these surface waves, the ocean supports internal waves that
propagate at the density interfaces within the water column, particularly the
pycnocline. The restoring force for internal waves is the buoyancy associated
with the vertical density gradient. Dera (1992) showed that the maximum
frequency of internal wave oscillation is the Brunt–Väisälä frequency:
Equation 6.2—Brunt–Väisälä frequency:

N =

√
−g
ρ

dρ
dz

(1.2)

In the ocean pycnocline, Nmax ≈ 10−2 s−1, corresponding to an oscillation
period of approximately 10min (Cushman‐Roisin & Beckers, 2011). The low‐
est observed Brunt–Väisälä frequencies are of order 10−3–10−4 s−1 (periods
of 1.7–17h). When the oscillation frequency exceedsN , the wavemotion be‐
comes turbulent (Dera, 1992, Eq. 1.2.27).

2



1.2. Scientific Background

1.2.3 Wave Generation byWind

The generation of ocean surface waves by the wind is a complex air–sea
interaction problem that was first placed on a rigorous theoretical footing
in the 1950s. Two complementary mechanisms—the resonance theory of
Phillips and the shear instability theory ofMiles—together explain the initial
growth and subsequent exponential amplificationof thewavefield (Gill, 1982;
Pierini, 2025).

Pierini (2025) formulates theevolutionof thewavepowerspectrumΨ(k, t)
through a source function:

Equation 6.3— Spectral energy evolution:

∂Ψ(k, t)
∂t

= S(k, t) (1.3)

where S is the source function containing terms for each generationmechan‐
ism (Pierini, 2025, Eq. 10.14).

Phillips ResonanceMechanism

The firstmechanism, due to Phillips (1957), as presented in Pierini (2025), con‐
siders the generation of waves from a perfectly calm sea surface. The onset of
wind produces turbulent fluctuations of atmospheric pressure at the surface.
A surface wave with wave number k is excited resonantly by pressure fluctu‐
ationswhose spatial and temporal scalesmatch those of thewave. The corres‐
ponding source function is (Pierini, 2025, Eq. 10.15):

Equation 6.4—Phillips source function:

SPhillips ∝ Ep[k, σ(k)] (1.4)

where Ep(k, σ) is the power spectrum of the turbulent atmospheric surface
pressure field (Pierini, 2025). Since SPhillips is independent of the wave energy
itself, the solution of Equation 1.3 yields a spectral energy density that grows
linearly with time: Ψ ∝ t. This linear growth is slow, producing only a weak
initial wave field, but it is essential for providing the seed perturbation upon
which the secondmechanism can act (Pierini, 2025).

Miles Shear InstabilityMechanism

Once a wave field has been established by the Phillips mechanism, a more
powerful growth process takes over. Pierini (2025) describes the Miles (1957)
mechanism as a positive feedback (instability) of the coupled air–sea system:
the existing waves perturb the atmospheric boundary layer, and this per‐
turbation in turn reinforces the waves. The source function is (Pierini, 2025,
Eq. 10.16):

3



Chapter 1. WaveMechanics and OceanWaves

Equation 6.5—Miles source function:

SMiles ∝ Ψ(k, t)
1

zc(k)
(1.5)

where zc is the critical height at which the mean wind speed U(zc) equals the
phase velocity of thewave (Pierini, 2025, Eq. 10.17). In the atmospheric surface
layer, thewind profile is logarithmic,U(z) = (u∗/κ) ln(z/z0), where u∗ is the
friction velocity,κ is the vonKármán constant, and z0 is the roughness length
(Faltinsen, 1990; Pierini, 2025).

Because SMiles is proportional to the wave energyΨ itself, the solution of
Equation 1.3 is an exponential growth: Ψ ∝ et/τ , where τ is a characteristic
growthtime (Pierini, 2025). Thisexponential growth is farmore rapid thanthe
linear Phillips growth and is the dominant mechanism for building the wave
field to its equilibrium state.

Two important consequences follow from Equation 1.5 (Pierini, 2025).
First, since S ∝ z−1

c , a stronger wind produces a lower critical height for a
given wave speed, leading to greater energy input and a higher equilibrium
wave energy. Second, the stronger the wind, the higher the maximum wave
phase velocity that can be generated; since in deep water σ = g/cp (where
cp is the phase velocity), stronger winds shift the spectral peak toward lower
frequencies and longerwavelengths. These generationmechanisms, together
with nonlinear wave–wave interactions, continue until a statistical equilib‐
rium is reached in which energy input from the wind balances dissipation by
wave breaking and turbulence (Pierini, 2025).

The generation process also depends on the fetch—the horizontal distance
overwhichthewindactsontheseasurface. A larger fetchallowswavestoaccu‐
mulate energy over a greater distance, producing a more energetic wave field
even far from the generation area (Pierini, 2025).

1.3 Theoretical Framework

1.3.1 LinearWave Theory (AiryWave Theory)

Linear wave theory begins with the physics of simple harmonic motion (SHM).
Anoscillator undergoes SHMwhen the restoring force is proportional to—and
directed opposite to—the displacement from equilibrium (Hewitt et al., 2012).
Campbell (2025) writes the defining equation of SHMas:

Equation 6.6— Simple harmonicmotion:

a(t) = −ω2 x(t) (1.6)

whereω is theangular frequency. Foramass–springsystemω =
√
k/m,while

for a simple pendulumω =
√
g/l (Campbell, 2025). The general solution is:

Equation 6.7— SHMdisplacement:

x(t) = A sin(ωt+ ϕ) + x0 (1.7)

4



1.3. Theoretical Framework

where A is the amplitude, ϕ is the phase shift, and x0 is the equilibrium po‐
sition. The angular frequency relates to the oscillation period and linear fre‐
quency byω = 2π/T = 2πf (Campbell, 2025).

When a sinusoidal oscillation propagates through a medium, the result
is a traveling wave. Introducing the wave number k = 2π/λ (where λ is the
wavelength), the displacement at position x and time t is (Campbell, 2025):

Equation 6.8—Traveling sinewave:

y(x, t) = A sin(kx± ωt+ ϕ) (1.8)

Thewave propagates at a speed given by the fundamental relation (Camp‐
bell, 2025):

Equation 6.9—Wave speed:

v =
λ

T
= λ f (1.9)

For a concise treatment of wave propagation, see (Fischer‐Cripps, 2014).
For deep‐water ocean gravity waves, linear (Airy) theory gives v =√
gλ/(2π); longer waves travel faster, leading towave dispersion. The critical

hull speed (Equation 1.1) is precisely the speed at which the vessel matches
the phase velocity of its own transverse bowwave. For shallowwater (d≪ λ),
the phase speed simplifies to v =

√
gd, which is independent of wavelength—

hence shallow‐water waves are non‐dispersive, and tsunami wavefronts
maintain their shape over long distances.

Birk (2019) presents the complete mathematical formulation of linear
(Airy) wave theory as a boundary value problem (BVP) for the velocity poten‐
tialϕ(x, z, t) (Newman, 1977), assuming inviscid, incompressible, irrotational
flow. ThefluiddomainV is boundedaboveby the free surfaceSF at z = ζ(x, t)
and below by the ocean bottomSB at z = −h.

Since the flow is irrotational, the velocity fieldv = ∇ϕ andmass conserva‐
tion requires (Birk, 2019):

Equation 6.10—Laplace equation:

∆ϕ =
∂2ϕ

∂x2
+
∂2ϕ

∂z2
= 0 in V (1.10)

For a rigorous mathematical treatment of Laplace’s equation and boundary‐
value problems, see (Burton &Noble, 2024).

At the impermeable ocean bottom, the vertical velocitymust vanish (Birk,
2019):

Equation 6.11—Bottomboundary condition:

∂ϕ

∂z
= 0 at z = −h (1.11)

Two boundary conditions are needed at the free surface because both the
potential ϕ and the wave elevation ζ are unknown. The kinematic free surface
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Chapter 1. WaveMechanics and OceanWaves

condition requires the surface to be a stream surface (no fluid crosses it); the
dynamic condition requires the pressure at the surface to equal atmospheric
pressure. In the exact (nonlinear) formulation, both conditionsmust be satis‐
fied at the unknown surface z = ζ(x, t) and contain products of the unknown
functions,making the problemnonlinear and implicit (Birk, 2019).

Linearisation is achieved throughaperturbationexpansionwith thewave
steepness ε = H/Lw ≪ 1 as the small parameter. The nonlinear terms van‐
ishatfirst order, and—critically—the free surface conditionsare imposedat the
calm water level z = 0 rather than at the actual surface (Birk, 2019). The lin‐
earised kinematic and dynamic free surface conditions are: Equation 6.12 —
Kinematic free surface condition:

−∂ζ
∂t

+
∂ϕ

∂z
= 0 at z = 0 (1.12)

Equation 6.13—Dynamic free surface condition:

∂ϕ

∂t
+ g ζ = 0 at z = 0 (1.13)

Thewaveelevation is recovered fromthedynamic conditionas (Birk, 2019):
Equation 6.14—Wave elevation recovery:

ζ(x, t) = −1

g

∂ϕ

∂t

∣∣∣∣
z=0

(1.14)

Eliminating ζ between Equations 1.12 and 1.13 yields the combined linear
free surface boundary condition (Birk, 2019):

Equation 6.15—Combined free surface condition:

∂2ϕ

∂t2
+ g

∂ϕ

∂z
= 0 at z = 0 (1.15)

The complete linearised BVP (Birk, 2019) is thus: Equation 6.16 — Com‐
plete linearised boundary‐value problem:

∆ϕ = 0 in V

ϕtt + g ϕz = 0 at z = 0

ϕz = 0 at z = −h

c = const. ≥ 0 at |x| → ∞

(1.16)

The solution is a velocity potential of the form ϕ = f(z) sin(kx − ωt)
where f(z) must satisfy the Laplace equation and all boundary conditions.
The resulting dispersion relation links the angular frequency ω to the wave
number k andwater depth h (Birk, 2019):
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1.3. Theoretical Framework

Equation 6.17—Dispersion relation:

ω2 = g k tanh(kh) (1.17)

The phase velocity (celerity) of the wave is c = ω/k =
√
(g/k) tanh(kh).

Indeepwater (kh≫ 1, i.e. tanh(kh) → 1), thissimplifies toc =
√
g/(2π)

√
λ—

longerwaves travel faster, producingdispersion. In shallowwater (kh≪ 1, i.e.
tanh(kh) → kh), the phase speed is c =

√
gh, independent of wavelength—

waves are non‐dispersive and tsunamiwavefrontsmaintain their shape (Birk,
2019).

Perturbation Expansion and the KelvinWave Pattern

The linearised boundary‐value problem underlying Equations 1.10–1.17 is de‐
rived rigorously by Timman et al. (1985) through a perturbation expansion in
a small parameter ε representing the ratio of wave amplitude to wavelength.
By writing the free‐surface elevation as η = εη̄ and the velocity potential as
ϕ = ϕ0+εϕ1+ε

2ϕ2+ · · · , whereϕ0 = Ux is theundisturbeduniformstream,
the Euler equations and kinematic/dynamic boundary conditions on the un‐
known free surface are transferred to the undisturbed surface y = 0 at each
order of ε. At first order the free‐surface elevation is recovered from the velo‐
citypotential byη1 = −(1/g)(ϕ1t+Uϕ1x)|y=0, and the combined free‐surface
condition becomes (Timman et al., 1985):

Equation 6.18—Linearised free‐surface conditionwith forward speed:

ϕ1tt + 2U ϕ1xt + U2 ϕ1xx + g ϕ1y = 0 at y = 0 (1.18)

For steady flow (∂/∂t = 0) past a pressure disturbance at the origin, this
reduces toU2ϕxx + gϕy = 0. Timman et al. (1985) solve this problem by Four‐
ier transform and evaluate the surface elevation for large distances using the
methodof stationaryphase. The resultingwavepattern is definedparametric‐
ally by the locus of constant phase:

Equation 6.19—Kelvinwave pattern (parametric form):

x = −ψ (2 cosα− cos3α), z = −ψ cos2α sinα (1.19)

where ψ is the phase parameter and α is a parametric angle. The curves are
similar about theorigin,with cusps lyingonstraight lines at afixedhalf‐angle
θK = arctan(1/

√
8) ≈ 19.47◦ from the vessel’s track. Inside this angle, the

pattern comprises transverse waves (nearly perpendicular to the track) and
divergent waves (radiating outward from the bow), both systems intersecting
at the cusp line (Timman et al., 1985). The hull‐speed concept of Equation 1.1
is a direct consequence: when the vessel speed U equals

√
gL/(2π), the

transverse wavelength matches the waterline length, and the wave system
demands a disproportionate fraction of the propulsive power.

Timman et al. (1985) further establish that the group velocity cG = dω/dk
(Equation 1.25) has a precise physical interpretation as the propagation speed
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Chapter 1. WaveMechanics and OceanWaves

Figure 1.1: Plan view of the Kelvin wave pattern generated by a vessel moving to the
right at constant speed U . The transverse wave crests (nearly perpendicular to the
track) and divergent wave crests (radiating outward) are confined within cusp lines at
a universal half‐angle θK = arctan(1/

√
8) ≈ 19.47◦, independent of vessel speed

(Equation 1.19). The wavelength of the transverse system increases with speed; at the
hull speedVc (Equation1.1), the transversewavelengthequals thewaterline lengthand
thewave resistance rises sharply (Timman et al., 1985).

of the centre of gravity of wave energy. By representing the surface elevation
as a Fourier integral η(x, t) =

∫
A(k) ei(ωt−kx) dk and computing the firstmo‐

ment of the energy density |η|2, they show that the centroid of the energy dis‐
tribution propagates at exactly the mean group velocity dω/dk, weighted by
thespectral energy |A(k)|2. Foranarrow‐bandspectrumcentredatwavenum‐
ber k0, the wave amplitude envelope travels at cG(k0)while individual crests
move at the phase velocity ω(k0)/k0—the familiar beating pattern of a modu‐
latedwave group (Timman et al., 1985).

1.3.2 DeepWater and ShallowWater Approximations

In shallow water, a fundamentally different class of wave phenomena arises:
bores. A bore is a translating front of elevated water that propagates into a
region of lower water depth under the action of gravity. Bores occur naturally
in tidal rivers (tidal bores), in tsunami propagation, and in the interaction of
breakingwaveswith coastal structures.

Hernández‐Fontes et al. (2020) investigated thephysics of bores generated
by thewet dam‐breakmethod, inwhich avertical gate separates twobodies of
calmwater at different levels. When the gate is removed, thehigher upstream
volume (h1) drives a bore into the lower downstream volume (h0). The the‐
oretical framework for this bore formation was established by Stoker (1957),
as cited in Hernández‐Fontes et al. (2020), assuming infinite propagation do‐
mains on both sides of the gate.
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1.3. Theoretical Framework

In the experiments of Hernández‐Fontes et al. (2020), fourwet dam‐break
ratios rd = h0/h1 = 0.7, 0.6, 0.5, and 0.4 were tested. As the upstream‐to‐
downstream depth ratio decreased (lower rd), the initial potential energy
difference increased, producing bores of greater height. The measured bore
heights overestimated the infinite‐domain theoretical values by approxim‐
ately 10–16%, attributed to the finite propagation distance (0.505m from gate
to structure) and the presence of a downstream structure (Hernández‐Fontes
et al., 2020).

SolitaryWave Characterisation of Bores

Hernández‐Fontes et al. (2020) characterised the resulting bores as solitary
waves, following the approach of earlier researchers who adopted this ap‐
proximation for gravity‐collapse‐generated flows. For a solitary wave, the
two governing parameters are the wave height and the constant water depth
at which it propagates. In the wet dam‐break context, these correspond to
the non‐dimensional bore height h∗w = hw/h1 and the downstream depth
h∗0 = h0/h1, respectively.

A characteristic length for the bore is required to define its steepness. For
non‐periodic wave shapes, no single length describes the entire wave accur‐
ately (Hernández‐Fontes et al., 2020). Based on solitarywave theory, the char‐
acteristic length of the boreswas estimated as:

Equation6.20—Characteristic bore length (solitarywaveapproximation):

L∗
c = 1.5

(
h∗w
h∗0

)−1/2

h∗0 (1.20)

The bore steepness is then defined as:
Equation 6.21—Bore steepness:

ε =
h∗w
L∗
c

(1.21)

For the four experimental cases in Hernández‐Fontes et al. (2020), consid‐
ering experimentswithout the structure, the steepness valueswere ε ≈ 0.12,
0.21, 0.33, and 0.55 for wet dam‐break ratios of 0.7, 0.6, 0.5, and 0.4, respect‐
ively. This range of steepness produced fundamentally different behaviours
when the bores interacted with a downstream structure (see the discussion
of bore–structure interaction in the ShipMotions and Seakeeping chapter of the
companion volume).

The bore height h∗w increased from case C1 to C4 (i.e., from higher to lower
dam‐break ratios). For C2, C3, and C4, the non‐dimensional bore heights were
approximately 1.2, 1.4, and 1.6 times the value obtained for C1, respectively
(Hernández‐Fontes et al., 2020). These increaseswere associatedwith steeper
rising limbs in the water elevation time series, reflecting a faster transfer of
potential energy into kinetic energy in the bore front.
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Chapter 1. WaveMechanics and OceanWaves

1.3.3 Wave Energy and Power

Ocean waves contain both kinetic and potential energy. Birk (2019) derives
both components rigorouslywithin the linear wave theory framework.

The kinetic energy in a control volume spanning one wavelength Lw,
width b, and depth h is obtained by integrating the velocity magnitude over
the fluid domain. Using the velocity components from the Airy wave poten‐
tial and the identity cosh2 α cos2 θ + sinh2 α sin2 θ = 1

2 [cosh(2α) + cos(2θ)],
the integration simplifies. The cos(2kx − 2ωt) term integrates to zero over
a full wavelength, and the dispersion relation ω2 = gk tanh(kh) reduces
the remaining hyperbolic expression, yielding (Birk, 2019): Equation 6.22 —
Kinetic energy over onewavelength:

Ekin = 1
4 ρ g ζ

2
a bLw (1.22)

The potential energy is theworkdone in lifting or depressingfluid elements
above or below the calmwater level. Integrating the potential energy dEpot =
1
2ρgb ζ

2 dx over one wavelength gives (Birk, 2019): Equation 6.23 — Potential
energy over onewavelength:

Epot =
1
4 ρ g ζ

2
a bLw (1.23)

A remarkable result: kinetic and potential energy are exactly equal in lin‐
ear wave theory. The total wave energy density (energy per unit ocean surface
area) is (Birk, 2019):

Equation 6.24—Total wave energy density:

E = Ekin + Epot =
1
2 ρ g ζ

2
a (1.24)

The energydensity dependsonly on thewave amplitude squared and is in‐
dependentofwaterdepthandwave frequency (Birk, 2019). Thishas important
consequences: doubling the wave amplitude quadruples the energy density,
explainingwhy stormwaves carry disproportionatelymore energy.

The rate at whichwave energy propagates is characterised by the group ve‐
locity (Birk, 2019):

Equation 6.25—Group velocity:

cG =
c

2

[
1 +

2kh

sinh(2kh)

]
(1.25)

where c = ω/k is the phase velocity. In deepwater (kh ≫ 1), cG = c/2—wave
energy propagates at half the phase speed. In shallow water (kh ≪ 1), cG =
c—energy and phase travel at the same speed (Birk, 2019). The group velocity
governs the arrival time of swell energy from distant storms and determines
the rate at whichwave conditions build in a towing tank (Birk, 2019).

The sinusoidal profile described by Equation 1.8 is a first‐order approx‐
imation. Real ocean waves have crests that are sharper and troughs that are
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broader than a pure sine wave. The simplest nonlinear profile used in clas‐
sical naval architecture is the trochoidal wave, formed by a point at distance r
from the centre of a circle of radius R rolling steadily along a horizontal
line (Attwood, 1917).

For a trochoidalwave of lengthL and heighth, the rolling circle has radius
R = L/(2π) and the tracing radius is r = h/2. The parametric equations of
the surface profile are (Attwood, 1917):

Equation 6.26—Trochoidal wave profile:

x =
L

2π
θ − h

2
sin θ

y =
h

2
cos θ

(1.26)

where θ is the angle turned through by the rolling circle, x is the horizontal
coordinate, and y is the vertical coordinate measured from the mean water
level (Attwood, 1917). When h → 0 (i.e. r → 0), the trochoid degenerates into
a straight line; as h → L/π (i.e. r → R), the trochoid becomes a cycloid with
cusps at its crests, representing the theoreticalmaximum steepness.

For structural loading calculations, Attwood (1917) adopted the standard
assumption h = L/20—that is, a wave height equal to one‐twentieth of the
wavelength. A ship is thenpoised on this trochoidalwavewith the crest amid‐
ships (hogging condition) or the trough amidships (sagging condition), and
the buoyancy distribution recalculated to obtain the curves of loads, shear‐
ing force, and bending moment (see Chapter 5, Section 5.3.2) (Attwood, 1917).
The trochoidal profile concentrates more volume near the crest and less near
the trough than a sinusoidal wave of the same height and length, producing a
more severehogging condition and a somewhat less severe sagging condition.

Rawson and Tupper (2001) extend these results to the sub‐surface kin‐
ematics. The orbital radius at depth d beneath a trochoidal wave decays
exponentially:

rd = r e−2πd/λ

where r = h/2 is the surface orbital radius. At a depth of λ/2, the motions
are negligible; at λ/9 the orbital diameter is approximately halved. The deep‐
waterphasevelocity isc =

√
gλ/(2π)andtheperiod isT =

√
2πλ/g (Rawson

& Tupper, 2001). For a 100mwavelength, this gives a speed of approximately
12.5m/s and a period of approximately 8 s. Rawson and Tupper (2001) note
that surfaces of equal pressure beneath the trochoidal surface are themselves
trochoidal,with the samewavelengthbut decreasing amplitude—a result that
bears directly on the pressure distribution on a submerged hull.

While the trochoidal and linear theories are adequate for many engineer‐
ing purposes, higher‐order wave theories are required when the wave steep‐
ness ak is not negligible or when depth effects introduce important nonlin‐
earities.
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Figure 1.2: Comparison of surface wave profiles predicted by linear, trochoidal, and
Stokes second‐order theories for the samewaveheightH andwavelengthλ. The linear
(Airy) profile is purely sinusoidal (Equation 1.8). The trochoidal profile (Equation 1.26)
exhibits sharper crests and broader troughs. The Stokes second‐order profile (Equa‐
tion 1.27) further sharpens the crest and flattens the trough due to the cos(2θ) har‐
monic. Thedeviation fromthe sinusoidal profile increaseswithwave steepnessak (At‐
twood, 1917; Pierini, 2025).

StokesWaves (DeepWater)

Beyond the trochoidal approximation, a systematic perturbation theory for
nonlinearwaveswasdevelopedbyStokes (1847), as presented inPierini (2025).
The nonlinear terms (u · ∇)u in the Navier–Stokes equations introduce an
amplitude dependence into both thewave profile and the dispersion relation.
Indeepwater (kD ≫ 1), the surfaceelevationof aStokeswave is (Pierini, 2025,
Eq. 9.33):

Equation 6.27— Stokeswave profile (deepwater):

η = a cos θ + a2 χ cos(2θ) + · · · (1.27)

where θ = kx−σt,a is thewaveamplitude, and the second‐order coefficientχ
depends on the water depth (Pierini, 2025, Eq. 9.34): Equation 6.28 — Stokes
second‐order coefficient:

χ = 1
2 k coth(kD)

[
1 +

3

2 sinh2(kD)

]
(1.28)

The second harmonic cos(2θ) produces the distinctive asymmetry of non‐
linear waves: crests become narrower and higher than the linear prediction
(ηmax > a),while troughsbecomewider andshallower (|ηmin| < a). This asym‐
metry increaseswithwave steepness (Pierini, 2025).

The dispersion relation also acquires an amplitude dependence. In deep
water, the linear relation σ2 = gk generalises to (Pierini, 2025, Eq. 9.35):
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Equation 6.29— Stokes dispersion relation (deepwater):

σ2 = gk
(
1 + a2k2 + · · ·

)
(1.29)

This amplitude dependence is a hallmark of all nonlinear wave fields:
steeper waves propagate faster than predicted by linear theory (Pierini,
2025). The second‐order correction a2k2 becomes significant when the wave
steepness ak is not negligible, which is precisely the regimewhere linearAiry
theory (Equation 1.17) begins to lose accuracy.

An important nonlinear effect is the Stokes drift: in waves of finite amp‐
litude, theorbital pathsoffluidparticlesdonot closeexactly, resulting inanet
mass transport in the direction of wave propagation. The depth‐dependent
mean drift velocity is (Pierini, 2025, Eq. 9.36):

Equation 6.30— Stokes drift velocity:

ūSD = cp a
2k2 e2kz (1.30)

where cp = σ/k is the phase velocity. The Stokes drift is maximum at the
surface and decays exponentially with depth. It contributes to the transport
offloatingdebris, oil slicks, andbiologicalmaterial, andmustbeaccounted for
in search‐and‐rescue drift predictions (Pierini, 2025).

CnoidalWaves (ShallowWater)

In shallowwater (kD ≪ 1), the nonlinear wave profile takes a different form.
Pierini (2025) shows that the surface elevationof a periodic nonlinear shallow‐
water wave is (Pierini, 2025, Eq. 9.37):

Equation 6.31—Cnoidal wave profile (shallowwater):

η = a cos θ +
3a2

4k2D3
cos(2θ) +

27a3

64k4D6
cos(3θ) + · · · (1.31)

Thesewaves are called cnoidalwavesbecause they canbe expressed exactly
using the Jacobi elliptic function cn(·) (Pierini, 2025). The corresponding
dispersion relation generalises the shallow‐water result as (Pierini, 2025,
Eq. 9.38): Equation 6.32—Cnoidal wave dispersion relation:

σ = c0 k
(
1− 1

6 k
2D2 + 9a2

16k2D4 + · · ·
)

(1.32)

where c0 =
√
gD is the linear shallow‐water wave speed. The first correction

term−k2D2/6 introducesweakphasedispersion (longerwaves travel slightly
faster), while the second correction 9a2/(16k2D4) is the nonlinear amplitude
correction (Pierini, 2025).

The relative importance of nonlinearity is measured by the Ursell number
(Pierini, 2025, Eq. 9.42):

Equation 6.33—Ursell number:

Ur =
aλ2

D3
(1.33)
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where λ is the wavelength andD is the water depth. When Ur ≫ 1, nonlin‐
ear effects dominate and the cnoidal or solitary wave description is appropri‐
ate; when Ur ≪ 1, linear Airy theory is adequate. The Ursell number thus
provides a practical criterion for selecting the appropriate wave theory for a
givenwaterdepthandwavecondition (Pierini, 2025). This isparticularly relev‐
ant for coastal engineering applications, where waves approaching the shore
enter progressively shallower water and the transition from linear to nonlin‐
ear behaviourmust be identified.

WeaklyNonlinearWave GroupDynamics

The linear superposition model (Equation 1.8) predicts that individual wave
components propagate independently, so that any wave group envelope
disperses and changes shape during propagation. In reality, nonlinear inter‐
actions among components modify the evolution of wave groups, leading to
phenomena such asmodulational instability and roguewave formation. The
classical nonlinear Schrödinger equation (NLSE) captures these leading‐order
effects by extending the perturbation expansion of the water wave boundary
value problem (Equations 1.10–1.15) to third order in wave steepness (Klein
et al., 2021).

The NLSE derivation requires two small parameters: the wave steepness
ϵ = kc ζa and the relative bandwidth µ = ∆k/kc ≪ 1, where kc is the car‐
rier wave number and ζa the wave amplitude (Klein et al., 2021). Taylor series
expansion about the still water level and sequential solution at each order
O(ϵn)up ton = 3 yields theNLSE for the complex envelopeA of a time series
evolving in space (Klein et al., 2021):

Equation6.34—Nonlinear Schrödinger equation (spatial evolution form):

∂A

∂x
+

1

Cg

∂A

∂t
+ i

(
α′ ∂

2A

∂t2
+ β′ |A|2A

)
= 0 (1.34)

whereCg = (ωc/2kc) ν is the group velocity with the finite‐depth correction
ν = 1 + 2kcd/ sinh(2kcd), d is the water depth, ωc the carrier angular fre‐
quency, and the dispersive coefficient α′ and nonlinear coefficient β′ depend
onωc,kc, andd (Kleinetal., 2021). Thesecondtermrepresentsadvectionat the
group velocity, the α′‐term governs linear dispersive spreading of the envel‐
ope, and the β′‐term captures cubic nonlinear self‐interaction. In deep water
(kcd ≫ 1), the product α′β′ > 0, whichmakes the NLSE focussing: dispersive
and nonlinear effects can balance exactly, giving rise to stable localised wave
groups (Klein et al., 2021).

One such localised solution is the envelope soliton, an exact solution of
Equation (1.34) inwhich dispersion andnonlinearity are perfectly balanced so
that the wave group propagates with permanent form. Its surface elevation
is (Klein et al., 2021):
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Equation 6.35—Envelope soliton surface elevation:

ζES(x, t) =
ac

cosh

[
ac

√
β′

2α′

(
t− x

Cg

)] cos(kc x− ωc t+ ϕs) (1.35)

where ac is the soliton amplitude andϕs is the carrierwave phase (Klein et al.,
2021). Thehyperbolic secantenvelopedetermines thewavegroupwidth: with
increasing amplitude the group becomes narrower and steeper, in contrast to
lineardesignwaveprofileswhere theshape is independentof thewaveheight.
Soliton‐like wave groups have been shown to persist in unidirectional irregu‐
lar sea states formore than 200wave periods, increasing the probability of ex‐
tremewave heights even inmoderately rough conditions (Klein et al., 2021).

A distinct class of exactNLSE solutions are the breather solutions, which de‐
scribe extremewave events driven bymodulational instability. The Peregrine
breather—localised in both time and space—represents a wave that “appears
from nowhere and disappears without trace” (Klein et al., 2021). At the point
ofmaximumfocussing, thePeregrinebreather reaches anamplitude amplific‐
ation factor (AAF) of exactly three (Klein et al., 2021):

Equation 6.36—Peregrine breathermaximumamplification:

ζmax = 3 ac (1.36)

This threefold amplification is independent of carrier frequency and
steepness. The resulting extreme wave profiles share many characteristics
with observed rogue waves, most notably the New Year Wave recorded at
the Draupner platform on 1 January 1995 (Klein et al., 2021). The similarity
establishes modulational instability as a viable physical mechanism for
deep‐water roguewave formation.

1.3.4 WaveRefraction, Diffraction, andReflection

When waves enter a semi‐enclosed basin such as a harbour or fjord, reflec‐
tions fromthebasin boundaries produce standingoscillationpatterns known
as harbour oscillations or seiches. The natural (resonant) frequencies and asso‐
ciated modal shapes of these oscillations are fundamental properties of the
basin, determined by its geometry, size, and internal bathymetry (Zheng et
al., 2022).

Zheng et al. (2022) investigated harbour oscillations excited by seismic
groundmotion using a fully nonlinear Boussinesqwavemodel. In this frame‐
work, the coordinate system is fixed to the harbour, and the seismic ground
motion introduces horizontal inertial acceleration terms a′ = (ax, ay) and
a vertical acceleration az into the Boussinesq momentum equation. The
effective gravitational acceleration becomes (g − az), while the horizontal
inertial accelerations appear as additional body force terms driving wave
generationwithin the basin. The resulting wave fields are three‐dimensional
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and multi‐modal even when the seismic excitation is uni‐directional and
simple harmonic, because of reflections against the complicated boundaries
of the harbour (Zheng et al., 2022).

The coupling between the depth‐averaged Boussinesq wave model and a
three‐dimensional panel model for ship motion analysis requires the wave
motions to satisfy the linearisation criterion (Zheng et al., 2022):

Equation 6.37—Linearisation validity criterion for longwaves:

kA

tanh kh
≪ 1 (1.37)

whereA is thewave amplitude, k thewavenumber, and h thewater depth.
The seismic excitation of harbour oscillations differs fundamentally from

excitation by incident waves from the open sea. The oscillating quay walls
act as a piston‐type wavemaker, and breakwaters—which are effective barri‐
ers against incoming ocean waves—provide no protection because the excita‐
tion originates within the basin itself (Zheng et al., 2022). Seismic excitation
can therefore trigger naturalmodes that cannot be excited by steady incident
waves or transient tsunamis.

For Hambantota Port (Sri Lanka), Zheng et al. (2022) determined that seis‐
mic excitationwith a period of 5 s and a peak ground acceleration of 0.6ms−2

triggers multiple natural modes simultaneously, with periods ranging from
approximately 24 s (high‐order sloshing modes between parallel quay walls)
to 1333 s (the lowest pumping mode featuring strong oscillatory currents at
the harbour entrance). The modal shapes are spatially variable: the lowest
mode features a vertical rise and fall of the water surface in unison through‐
out the harbour, while higher‐ordermodes exhibit nodal lines that divide the
basin into regionsoscillating inantiphase (Zhengetal., 2022). Thedirectionof
seismic excitation governs whichmodes dominate: excitation perpendicular
to the quay walls drives violent high‐order modes, while excitation directed
from the harbour end toward the entrance generates weaker oscillations gov‐
erned by low‐ordermodes (Zheng et al., 2022).

The real‐world significance of seismic‐induced harbour oscillations was
demonstrated during the 2011 Tōhoku Earthquake. A VLCC (333 × 60m)
moored in a Japanese harbour experienced long‐period (∼ 100 s) sway move‐
ments of approximately 10m, resulting in damage to the ship and mooring
system. Seismic waves from the same event propagated over 8000 km and
triggered free‐surface oscillations in Norwegian fjords, forcing boats to
oscillate periodically (Zheng et al., 2022).

1.3.5 Wave Spectra and Statistical Description

Real ocean waves are not periodic; they result frommany independent wave
components superimposed with different amplitudes, frequencies, and
propagation directions. The statistical description of such a wave field is
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1.3. Theoretical Framework

achieved through thewave energy spectrum S(ω), which describes the distri‐
bution of wave energy over angular frequencyω. Zhang et al. (2025) adopt the
general Bretschneider spectral form, in which the wave energy spectrum takes
the shape:

Equation 6.38—Bretschneider spectral form:

S(ω) =
A

ω5
exp

(
− B

ω4

)
(1.38)

whereA andB are coefficients that determine the spectral shape (Zhang et al.,
2025). This formwas established by Bretschneider (1959), as cited in Zhang et
al. (2025), and serves as the basis for several standard spectralmodels.

Figure 1.3: Pierson–Moskowitz wave energy spectrum S(ω) for three sea states with
significant wave heightsH1/3 = 2m, 4m, and 6m (Equations 1.38–1.39). AsH1/3 in‐
creases, the spectral peak shifts toward lower frequencies (longer waves) and the total
spectral energy (area under the curve) grows as H2

1/3. The characteristic ω−5 high‐
frequency tail and exponential cut‐off are visible in all three curves (Zhang et al., 2025).

For fully developed wind seas, the two‐parameter Pierson–Moskowitz
spectrum (Talley et al., 2011), recommended by the 15th International Towing
Tank Conference (1978) as cited in Zhang et al. (2025), specifies the coeffi‐
cients A and B in terms of the significant wave height H1/3 and the mean
wave period T1:

Equation 6.39—Pierson–Moskowitz spectrumparameters:

A =
173H2

1/3

T 4
1

, B =
691

T 4
1

(1.39)

where H1/3 is the significant wave height in metres and T1 the mean wave
period in seconds (Zhang et al., 2025). The significant wave height H1/3 is
defined as the average of the highest one‐third ofwave heights in a record and
serves as the single most important parameter characterising the severity
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Chapter 1. WaveMechanics and OceanWaves

of a sea state. The Pierson–Moskowitz spectrum thus requires only two
observable quantities—wave height and period—to specify the complete
energy distribution across all frequencies.

Real seasarenot long‐crested (i.e. theenergydoesnotpropagate inasingle
direction). To describe the directional distribution of wave energy, a spreading
functionD(µ)distributes the total spectral energyamong thevariouspropaga‐
tiondirectionsµmeasured relative to theprimarywavedirection. Zhang et al.
(2025) adopt the cosine power form:

Equation 6.40—Directional spreading function:

D(µ) =


22n−1 n! (n− 1)!

π (2n− 1)!
cos2nµ for − π

2
≤ µ ≤ π

2

0 otherwise
(1.40)

where n is a positive integer governing the degree of directional spread‐
ing (Zhang et al., 2025). Large values of n concentrate the wave energy near
the primary propagation direction (narrow spreading), while small values
produce a broad directional distribution. This form satisfies the normalisa‐
tion condition

∫ π/2

−π/2
D(µ) dµ = 1, so that the omnidirectional spectrum is

recovered by integration over all directions.
The short‐crested wave spectrum is then defined as S(ω, µ) = S(ω)D(µ)

(Zhang et al., 2025). A practical realisation of the short‐crested irregular sea
is obtained by superimposing N × M independent regular wave compon‐
ents, comprising N angular frequencies at interval δω and M propagation
directions at interval δµ, each with amplitude determined by the directional
spectrum (Zhang et al., 2025):

Equation 6.41— Short‐crested irregular wave surface:

ζw(xw, yw, t) =

N∑
i=1

M∑
j=1

√
2S(ωi)D(µj) δω δµ

× cos
[
ω2
i

g

(
cosµj xw + sinµj yw

)
− ωi t+ εij

]
(1.41)

where ωi is the angular frequency of the ith component, µj the propagation
direction of the jth component, g the gravitational acceleration, and εij
a random phase uniformly distributed on [0, 2π) (Zhang et al., 2025). The
deep‐water dispersion relation k = ω2/g (Equation 1.17 in the limit kh ≫ 1)
has been used to express the wave number in terms of angular frequency.
Equation (1.41) provides a computationally realisable representation of a
random sea surface: by choosing N andM sufficiently large, the simulated
wave field reproduces the target spectrum and spreading characteristics to
any desired statistical accuracy (Zhang et al., 2025).
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1.4. Applications inMaritime Systems

1.3.6 Wave Statistics and ExtremeValues

The statistical description of the wave climate at a given site requires long‐
term records of the significant wave height Hs. Guedes Soares and Santos
(2015) analysed a 41‐year wave hindcast database generated by the WAM
spectral wave model under the HIPOCAS project for the Black Sea. The
analysis revealed that 50‐year return period significant wave heights in the
western Black Sea reach Hs ≈ 10.9m, while in the eastern region values
are lower (Hs ≈ 7.0m), consistent with the stronger storm activity in the
western basin (Guedes Soares & Santos, 2015).

Reliable extreme value estimation requires the identification and re‐
moval of outliers from hindcast datasets. Guedes Soares and Santos (2015)
applied the classical boxplot method of Tukey to daily maximum Hs data
from 15 offshore sites along the Portuguese coast (HIPOCAS, 1958–1978). The
inter‐quartile range (IQR) is defined as:

Equation 6.42— Inter‐quartile range:

IQR = q0.75 − q0.25 (1.42)

where q0.25 and q0.75 are the first and third quartiles. The upper and lower
outer fences are thenplaced at q0.75+3× IQRand q0.25−3× IQR, respectively.
Observations beyond these fences are classified as extreme outliers (Guedes
Soares & Santos, 2015). For a standard normal distribution, the inner fences
(±1.5× IQR) correspond to±2.698, meaning that 99.3%of the population lies
within themand the probability of an observation being flagged as amild out‐
lier is only 0.7% (Guedes Soares & Santos, 2015).

The removal of extremeoutlierswas shown to alter the compositionof ho‐
mogeneous sub‐regions formed during Regional Frequency Analysis and to
affect the 100‐year return period extreme quantiles, demonstrating the sens‐
itivity of extreme value predictions to data quality (Guedes Soares & Santos,
2015).

1.4 Applications inMaritime Systems

1.4.1 Wave Loads on Ships andOffshore Structures

The spectral description of ocean waves (Section 1.3.5) enables the prediction
of wave‐induced structural loads. Under the standard model of ocean wave
loading, the irregular sea surface is decomposed into harmonic wave com‐
ponents (Equation 1.8), and the structural response to each component is
obtained from a transfer function—the response amplitude operator (RAO).
The response spectrum is then SS(ω) = |H(ω)|2 Sζ(ω), relating the wave
energy spectrumSζ to the response energy spectrumSS through the squared
modulus of the RAO (see the Ship Motions and Seakeeping chapter of the com‐
panion volume) (Klein et al., 2021). This spectral approach enables efficient
evaluation of any linear response quantity—motions, accelerations, or global
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Chapter 1. WaveMechanics and OceanWaves

structural loads—across the full frequency range of a given sea state (Klein
et al., 2021).

The design of ships and offshore structures requires identification of
the short‐duration wave events that produce the most critical structural re‐
sponse. Klein et al. (2021) describe two principal design wave concepts based
on the spectral framework. The CriticalWave Episode (CWE) concept generates
a large number of random sea‐state realisations from the product of the
wave spectrum and the RAO, and extracts the wave group that produces the
highest response. TheMost Likely Response Wave (MLRW) concept conditions
the amplitudes and phases of the wave components to produce the most
probable wave profile corresponding to a specified extreme response level.
TheMLRWsurface elevation takes the form (Klein et al., 2021):

Equation 6.43—Most Likely ResponseWave:

ζMLRW(x, t) =

N∑
j=1

ζaj

[
Vj cos(kj x− ωj t) +Wj sin(kj x− ωj t)

]
(1.43)

where ζaj is the amplitude of the jth wave component, kj its wave number,
ωj its angular frequency, and the conditioning coefficientsVj andWj are func‐
tions of the spectral moments of the response spectrum and a prescribed tar‐
get response levelMc (Klein et al., 2021). The shape and width of the MLRW
depend on the sea state parameters and the RAO, while the absolute values
scale linearly withMc, enabling rapid evaluation of multiple response levels
from a single calculation (Klein et al., 2021).

A fundamental limitation of these linear design wave concepts is that
the resulting wave profiles can exceed physical limits. Klein et al. (2021)
demonstrated this for the verticalwavebendingmoment of a chemical tanker
(Lpp = 161m, CB = 0.75): the most critical CWE yielded a wave steepness
ϵ = Hk/2 ≈ 0.52, which exceeds the theoretical breaking limit. In nature,
wave steepness rarely surpasses ϵ ≈ 0.4because ofwave breaking (Klein et al.,
2021). Even the MLRW for the ultimate hull girder bending capacity reached
ϵ ≈ 0.39—near the physical bound. Reproducing such steep wave profiles
in physical model tests is therefore difficult, since the linear superposition
model does not account for the nonlinear interactions within steep wave
groups (Klein et al., 2021).

The envelope soliton solutions (Equation 1.35) provide a physically valid
alternative. Because the soliton balances dispersion and nonlinearity exactly,
it produces steepbut inherently stablewavegroups. Model tests byKlein et al.
(2021) showed that the extreme vertical bending moment produced by envel‐
ope solitons at steepness ϵ = 0.35 differed by less than 4% from that produced
by a Peregrine breather at the breaking limit for the same carrier wave length.
Thewave length to ship length ratioLw/Lpp in the range 1.1–1.5was identified
as most critical for the vertical bending moment response. The permissible
vertical wave bendingmoment in sagging wasMVW ‐S = −1.25 × 106 kNm
and the ultimate hull girder capacity wasMVW ‐S‐U = −1.51× 106 kNm; en‐
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velope solitons at the highest steepness approached or exceeded the permiss‐
ible limit, confirming their relevance as design waves for extreme response
investigations (Klein et al., 2021).

Theshortdurationof envelopesolitonwavegroupsofferspractical advant‐
ages: in wave tank experiments the calm‐down time between successive test
runs is significantly reduced compared to irregular sea‐state tests, and for nu‐
merical simulations the compact wave group requires a shorter simulation
domain, reducing computational cost while maintaining full nonlinear fidel‐
ity (Klein et al., 2021).

1.4.2 Wave Forecasting andHindcasting

The planning of marine operations—such as the installation of offshore wind
turbines or the maintenance of wave energy converters—requires knowledge
of weather windows: periods during which the significant wave height
remains below a specified threshold hac.

Guedes Soares and Santos (2015) derived a probabilistic framework for
waiting time estimation. If n consecutive wave height observations all
remain below hac, the probability that the maximum of these observations
exceeds the threshold is:

Equation 6.44—Exceedance probability:

P (Hmax > hac) = 1−
[
F (hac)

]n
(1.44)

where F (hac) is the cumulative distribution of Hs (Guedes Soares & Santos,
2015). When Hmax exceeds hac, an unfavourable condition begins. The ex‐
pected number of consecutive observations above the threshold before an ac‐
cessible condition resumes follows a geometric distribution, giving an aver‐
agewaiting time in days:

Equation 6.45—Averagewaiting time:

Taw =
E(K)

8
(1.45)

where E(K) = 1/G, G = 1 − [F (hac)]
n, and the factor of 8 converts from

3‐hourly observation intervals to days (Guedes Soares & Santos, 2015).
Six probability distributions—Generalised Extreme Value (GEV), three‐

parameter log‐normal (LN3), Gumbel, three‐parameterWeibull, Gamma, and
Generalised Pareto (GP3)—were fitted to winter‐season Hs data off Portugal
using themethod of L‐moments. Goodness of fitwas assessed by the Z‐test at
the 95%confidence level (|Z| ≤ 1.96), with theGumbel distributionproviding
themost consistent fit across both decadal samples (Guedes Soares & Santos,
2015).
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1.5 Discussion

The critical velocity concept (Equation 1.1) from Bejan et al. (2020) provides a
direct link between wave physics and ship design. The transverse bow wave
is not merely a curiosity of wave mechanics; it is the single most important
constrainton thespeedofdisplacementvessels. Everynaval architectdesigns
with this limit inmind, and the conceptof the speed–length ratioV /

√
L (equi‐

valent to the Froude number) is central to resistance prediction, hull form op‐
timisation, and powering calculations.

The wave‐trapping phenomenon also illustrates a general principle of
wave–structure interaction: when the characteristic length of a structure
matches the wavelength of the disturbance, resonance‐like amplification
occurs. This principle reappears throughout maritime physics—in wave‐
induced motions (treated in the Ship Motions and Seakeeping chapter of the
companion volume), in structural vibration (Chapter 5), and in harbour
resonance.

Equations 1.6–1.9, drawn from the foundational oscillation and wave
framework of Campbell (2025), provide the mathematical language un‐
derlying all wave phenomena in this chapter. The defining equation of
SHM (Equation 1.6) reappears whenever a restoring force is proportional to
displacement—in the heave of a barge, the roll of a vessel, or the oscillation
of water in a U‐tube tank. The traveling wave equation (Equation 1.8) is
the starting point for both regular and irregular sea descriptions, while
the wave speed relation (Equation 1.9) connects the temporal and spatial
characteristics of oceanwaves.

The bore characterisation work of Hernández‐Fontes et al. (2020) con‐
tributes to wave mechanics through the rigorous treatment of non‐periodic
shallow water waves. Their solitary wave approximation for wet dam‐break
bores (Equations 1.20–1.21) provides a consistent framework for defining
bore steepness, which in turn governs the type of wave–structure interaction
produced. The experimental finding that bore heights overestimate infinite‐
domain theoretical values by 10–16% highlights the sensitivity of bore
propagation to boundary effects, including finite tank length and the pres‐
ence of downstream structures. This has implications for laboratory‐scale
modelling of bore‐like phenomena such as tsunamis and tidal bores.

The steepnessparameter εemerging fromL∗
c offers apractical criterion for

classifying incoming bore severity. As demonstrated byHernández‐Fontes et
al. (2020), the range 0.12 ≤ ε ≤ 0.55 spans qualitatively distinct regimes of
wave–structure interaction (see the discussion of bore–structure interaction
in the Ship Motions and Seakeeping chapter of the companion volume), from
gentle overtopping to violent plunging eventswith large air cavity formation.

The wave generation theory of Pierini (2025) completes the physical
chain from wind to waves. The Phillips resonance mechanism (Equation 1.4)
explains the initial creation of surfacewaves from a calm sea, while theMiles
shear instability mechanism (Equation 1.5) accounts for the rapid exponen‐
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tial growth that builds the wave field to its observed intensity. The critical
height zc—where the wind speed equals the wave phase velocity—governs
the energy transfer rate, providing a direct physical explanation for the
observation that stronger winds produce higher, longer waves with lower
peak frequencies.

The Stokes wave theory (Equation 1.27) and cnoidal wave theory (Equa‐
tion 1.31) from Pierini (2025) extend the chapter’s nonlinear wave framework
beyond the trochoidal profile of Attwood (1917). The Stokes expansion reveals
the amplitude dependence of the dispersion relation (σ2 = gk(1 + a2k2),
Equation 1.29), a nonlinear effect absent from linear Airy theory. The
Stokes drift (Equation 1.30) has practical maritime applications in oil spill
trajectory prediction and search‐and‐rescue planning. The Ursell number
(Equation 1.33) provides a single dimensionless parameter for selecting the
appropriate wave theory—linear, Stokes, or cnoidal—for a given combination
of wave amplitude, wavelength, andwater depth.

The perturbation expansion approach of Timman et al. (1985) places the
linearised theory of Sections 1.3.1–1.3.3 on rigorousmathematical footing. By
expanding the velocity potential and free‐surface elevation in powers of the
amplitude‐to‐wavelength ratio ε, the nonlinear free‐surface conditions are
systematically transferred to the known undisturbed surface, exposing the
linear boundary‐value problem as the O(ε) approximation and the Stokes
corrections as O(ε2) and higher terms. This hierarchy makes explicit both
the domain of validity of linearAiry theory (small ε, i.e. smallwave steepness)
and the route to the nonlinear extensions of Section 1.3.3. The Kelvin wave
pattern (Equation 1.19), derived from the same perturbation framework eval‐
uated by themethod of stationary phase, provides the analytical basis for the
hull‐speed concept (Equation 1.1): the half‐angle of arctan(1/

√
8) ≈ 19.47◦

is a universal geometric constant of the deep‐water dispersion relation,
independent of vessel speed. The rigorous proof that group velocity equals
the propagation speed of the energy centroid unifies the kinematic definition
cG = dω/dk with the energetics of wave propagation, confirming that
Equation 1.25 governs not only swell arrival times but also the rate of energy
delivery to coasts and offshore structures (Timman et al., 1985).

1.6 Conclusion

This chapter has developed the physics of ocean waves from first principles
through to the statistical and nonlinear frameworks required for maritime
engineering. Linear wave theory, formulated as a boundary‐value prob‐
lem for the velocity potential (Birk, 2019), yields the dispersion relation
(Equation 1.17) that governs both the deep‐water dispersive regime and the
non‐dispersive shallow‐water limit. The critical hull speed (Equation 1.1) (Be‐
jan et al., 2020) emerges as a direct consequence of the Kelvin wave pattern
(Equation 1.19), connecting wave kinematics to the single most important
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Figure 1.4: Schematic of the Peregrine breather evolution, showing the wave amp‐
litude amplification from the background carrierwave (ac) to themaximum focussing
point (ζmax = 3 ac, Equation 1.36). The breather appears from an apparently regular
wave train, reaches threefold amplification at a single point in space and time, and dis‐
appears without trace. This localised extreme event is a candidate physical mechan‐
ism for deep‐water rogue waves, consistent with the Draupner New Year Wave obser‐
vation (Klein et al., 2021).

constraint on displacement‐vessel performance (Timman et al., 1985). The
energy equipartition result—kinetic and potential energy exactly equal in
linear theory—together with the group velocity expression (Equation 1.25)
establishes how wave energy propagates from generation regions to distant
coastlines and offshore structures (Birk, 2019).

Beyond the linear regime, three progressively nonlinear frameworks
extend the description of real ocean waves. The classical trochoidal pro‐
file (Attwood, 1917) captures the crest–trough asymmetry used in traditional
hull‐girder bending calculations, while the Stokes expansion (Pierini, 2025)
introduces amplitude‐dependent dispersion (Equation 1.29) and net mass
transport via the Stokes drift (Equation 1.30). In shallow water, cnoidal wave
theory governs propagation when the Ursell number exceeds unity (Equa‐
tion 1.33), providing a practical criterion for selecting the appropriate wave
model (Pierini, 2025). At the most extreme end of the nonlinear spectrum,
the nonlinear Schrödinger equation (Equation 1.34) predicts modulational
instability and the Peregrine breather’s threefold amplitude amplification
(Equation 1.36), offering a plausible physical mechanism for rogue wave
formation consistentwith the Draupner observation (Klein et al., 2021).

The statistical description of real sea states through the Pierson–
Moskowitz spectrum (Equations 1.38–1.39) and directional spreading
functions (Equation 1.40) provides the input to all spectral response calcula‐
tions in subsequent chapters (Zhang et al., 2025). The bore characterisation
framework ofHernández‐Fontes et al. (2020), the harbour oscillation analysis
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of Zheng et al. (2022), and the wind‐wave generation theory of Pierini (2025)
together demonstrate that the wave environment confronting ships and off‐
shore structures is shaped by processes spanning time scales from fractions
of a second (capillary waves) to hours (tidal oscillations and seiches) and
spatial scales from centimetres to ocean basins. The extreme value methods
of Guedes Soares and Santos (2015) close the chain from physics to engin‐
eering practice by providing the statistical tools needed to estimate design
wave heights for return periods of 50–100 years. These wave mechanics
foundations underpin the ship motions and seakeeping analysis presented
in the Ship Motions and Seakeeping chapter of the companion volume and the
structural loading calculations of Chapter 5.
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Chapter 2

Electromagnetism andMaritime
Navigation

2.1 Introduction

Electromagnetic phenomena govern modern maritime navigation and
communication systems—from radar and satellite positioning to radio
communications andmagnetic compasses (National Geospatial‐Intelligence
Agency, 2019; Skolnik, 2001). Furthermore, the interactionof electromagnetic
radiation with seawater determines the optical properties of the ocean, gov‐
erning light penetration, remote sensing capabilities, and the fundamental
limits of vision and imaging underwater.

Dera (1992) provided a detailed treatment of light and electromagnetic ra‐
diation in the marine environment, covering both the inherent optical prop‐
erties (absorption and scattering) of seawater and the apparent optical proper‐
ties that describe underwater irradiance fields. This chapter presents the elec‐
tromagnetic foundations alongside the optical physics of the ocean.

2.2 Scientific Background

2.2.1 Maxwell's Equations and ElectromagneticWaves

The electromagnetic theory underlying all maritime navigation and commu‐
nicationsystemsrestson four interrelatedphenomena (Griffiths, 2013;Hewitt
et al., 2012). The electric force between two stationary charges separated by
distance r is given by Coulomb’s law (Campbell, 2025):

Equation 10.10—Coulomb’s law:

FE = K
Qq

r2
, K = 8.99× 109 Nm2 C−2 (2.1)

whereQ and q are the charges andK is theCoulombconstant (Campbell, 2025,
Eq. 9.7). A chargeQ creates an electric field E⃗Q = KQ/r2 r̂ in the surrounding
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space, and any charge q immersed in that field experiences a force F⃗E = qE⃗
(Campbell, 2025, Eq. 9.9).

Moving charges create magnetic fields and experience magnetic forces.
Fora chargeqmovingwithvelocity v⃗ throughamagneticfield B⃗, themagnetic
force is (Campbell, 2025, Eq. 12.3)

Equation 10.11—Magnetic force on amoving charge:

F⃗B = q(v⃗ × B⃗) (2.2)

The combined electromagnetic force on a charged particle is the Lorentz force
F⃗ = q(E⃗ + v⃗ × B⃗) (Campbell, 2025; Griffiths, 2013, Eq. 12.25), which governs
the behaviour of charged particles in everymaritime electromagnetic system,
from radarwaveguides to the ionospheric plasma that refracts radio signals.

Themagnetic field produced by a current‐carrying conductor is described
by the Biot–Savart law. For a long straight wire carrying current I , the field at
perpendicular distanceR is (Campbell, 2025, Eq. 12.14)

Equation 10.12—Magnetic field of a long straightwire:

Bwire =
µ0I

2πR
(2.3)

where µ0 = 4π × 10−7 TmA−1 is the permeability of free space. For a solen‐
oid ofn turnsper unit length,Bsol = µ0nI (Campbell, 2025, Eq. 12.16)—a result
directly applicable to the electromagnets used in compass correction and de‐
gaussing systems.

The link between time‐varying magnetic fields and electric fields is
provided by Faraday’s law of electromagnetic induction (Campbell, 2025;
Griffiths, 2013):

Equation 10.13—Faraday’s law:∣∣∣∣dΦB

dt

∣∣∣∣ = ε (2.4)

whereΦB =
∫
B⃗ · da⃗ is themagnetic flux through a conducting loop and ε is

the induced electromotive force (emf) (Campbell, 2025, Eqs. 12.20–12.22). This
principle is the operating basis of every shipboard generator: mechanical ro‐
tation of a coil in amagnetic field produces a continuously changing flux that
drives an alternating current (Campbell, 2025, Exs. 12.5, 12.13).

Maxwell unified these phenomena into four equations that, in free space,
take the differential form (Griffiths, 2013):

∇ · E⃗ =
ρ

ε0
, ∇× E⃗ = −∂B⃗

∂t
,

∇ · B⃗ = 0, ∇× B⃗ = µ0J⃗ + µ0ε0
∂E⃗

∂t
(2.5)

where ρ is the charge density, J⃗ is the current density, ε0 = 8.854 ×
10−12 Fm−1 is the permittivity of free space, and µ0 is the permeability
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defined above. The crucial addition byMaxwellwas the displacement current
term µ0ε0 ∂E⃗/∂t in the last equation, which predicts that time‐varying
electric fields produce magnetic fields even in the absence of conduction
currents (Griffiths, 2013); for a rigorous mathematical treatment, see (Burton
&Noble, 2024).

In a source‐free region (ρ = 0, J⃗ = 0⃗), these equations combine to yield
the electromagnetic wave equation (Griffiths, 2013):

∇2E⃗ = µ0ε0
∂2E⃗

∂t2
(2.6)

fromwhich the speed of electromagnetic waves in vacuum is c = 1/
√
µ0ε0 =

2.998 × 108 ms−1. Maritime systems exploit different portions of the
electromagnetic spectrum: MF/HF radio (300 kHz–30MHz) for long‐range
communication, VHF (30–300MHz) for short‐range radio and AIS, L‐band
(∼ 1.5GHz) for GNSS, and X‐band (9.2–9.5GHz) and S‐band (2.9–3.1GHz) for
marine radar (National Geospatial‐Intelligence Agency, 2019; Skolnik, 2001).

2.2.2 Electromagnetic Radiation at the Sea Surface

When solar radiation reaches the sea surface, a fraction is reflected and the re‐
mainder is transmitted into the water column. The partitioning depends on
the angle of incidence, sea surface roughness, and the refractive index of sea‐
water. The resulting vertical distribution of light governs the euphotic zone
depth and the thermal structure of the upper ocean discussed in Chapter 4.

For a smooth sea surfacewith the refractive index n ≈ 4/3 ≈ 1.33 (visible
light), the Fresnel reflection coefficient is approximatelyRs ≈ 0.02 for solar
zenith angles less than 40◦ (Dera, 1992). At grazing incidence (θs = 90◦), total
reflection occurs (Rs = 1).

Dera (1992) showed that the transmittance of diffuse light through the sea
surface under overcast skies is:

Equation 10.1— Surface transmittance (overcast sky):

⟨Tp⟩cloudy ≈ 0.95 (2.7)

meaning that 95% of diffuse skylight penetrates the surface. For general con‐
ditionswith fractional cloud covernc (Dera, 1992, Eq. 5.2.16):

⟨Tp⟩ = (1− nc) ⟨Tp,s⟩+ 0.95nc (2.8)

where ⟨Tp,s⟩ is the clear‐sky transmittance averaged over the day.
Once light enters the water, its radiance is enhanced by a factor of n2 due

to the compression of the solid angle by Snell’s law refraction (Dera, 1992,
Eq. 5.3.7):

L(θ, φ)below
L(θ, φ)above

= n2 [1−Rs(θ)] (2.9)

whereL denotes spectral radiance and θ,φ are the zenith and azimuth angles.
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Figure 2.1: Fresnel reflection coefficient at the sea surface (n = 1.33) as a function of
solar zenith angle θs for unpolarised, s‐polarised, and p‐polarised light. At low zenith
angles less than approximately 2%of incident light is reflected, while at grazing incid‐
ence total reflection occurs. Brewster’s anglemarks the zero ofRp.

2.2.3 Earth'sMagnetic Field

A magnetic dipole immersed in an external magnetic field experiences a
torque (Campbell, 2025, Eq. 12.18):

Equation 10.14—Torque on amagnetic dipole:

τ⃗ = m⃗× B⃗ (2.10)

where m⃗ is the magnetic dipole moment and B⃗ is the external field. This
torque drives the dipole toward alignment with the field. The corresponding
potential energy is U = −m⃗ · B⃗, which is minimised when m⃗ and B⃗ are par‐
allel (Campbell, 2025, Eq. 12.19); for a concise treatment, see (Fischer‐Cripps,
2014).

The Earth behaves as a large magnetic dipole, with field lines emerging
fromthesoutherngeographichemisphereandenteringnear thenortherngeo‐
graphichemisphere (geographicnorth ismagneticsouth) (Campbell, 2025). At
the Earth’s surface the field strength is approximately 25–65 µT, and its ori‐
entation is described by two angles: themagnetic declination (the horizontal
angle betweengeographicnorth andmagnetic north) and themagnetic inclin‐
ationordip (theanglebelowthehorizontal) (NationalGeospatial‐Intelligence
Agency, 2019).

The geomagnetic field is not static: secular variation causes the declin‐
ation and inclination to change slowly over time as convection currents in
the Earth’s liquid outer core evolve. The rate of secular variation differs by
location; in some regions declination changes bymore than 0.1◦ per year (Na‐
tional Geospatial‐Intelligence Agency, 2019). Navigators must apply the
current declination correction, which is printed on nautical charts together
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with an annual rate of change. Geomagnetic reference models—updated at
five‐year intervals—provide the mathematical representation of the main
field as a spherical harmonic expansion, enabling computation of declina‐
tion, inclination, and total field intensity at any location and date (National
Geospatial‐Intelligence Agency, 2019). Local magnetic anomalies caused
by geological structures (e.g. basaltic intrusions) can produce deviations of
several degrees from the model values. Anomaly charts indicate regions
where such discrepancies are significant for compass navigation (National
Geospatial‐Intelligence Agency, 2019).

2.3 Theoretical Framework

2.3.1 Inherent Optical Properties of Seawater

The optical behaviour of seawater is described by two sets of properties. The
inherent optical properties (IOPs) depend only on the medium itself, not on
the light field. The fundamental IOPs are the absorption coefficient a [m−1],
the scattering coefficient b [m−1], and the total attenuation coefficient (Dera,
1992):

Equation 10.4—Total attenuation coefficient:

c = a+ b [m−1] (2.11)

These coefficients are functions of wavelength. Pure seawater has a
minimum attenuation in the blue‐green spectral window (λ ≈ 400–500nm),
which is why the deep ocean appears blue (Dera, 1992).

2.3.2 Apparent Optical Properties andUnderwater Irradiance

The apparent optical properties (AOPs) depend on both themedium and the an‐
gular structure of the ambient light field. The key AOP is the diffuse attenu‐
ation coefficient of downward irradiance:

Equation 10.5—Diffuse attenuation coefficient:

Kd(z) = − 1

E↓(z)

dE↓(z)

dz
(2.12)

whereE↓(z) is thedownwardplane irradiance at depth z (Dera, 1992, Eq. 5.4.2).
Integration yields the exponential decay law for underwater irradiance:

Equation 10.6—Underwater irradiance (Beer–Lambert analogue):

E↓(z) = E↓(0) e
−Kdz (2.13)

This is the oceanic equivalent of the Beer–Lambert law (Dera, 1992, Eq. 5.4.16).
The fraction of surface irradiance reaching depth z is TwE = e−Kdz .
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Figure 2.2: Exponential decay of normalised downward irradianceE↓(z)/E↓(0)with
depth for three Jerlov water types at λ ≈ 475nm: Type I (clear open ocean, Kd =
0.017 m−1), Type III (productive ocean, Kd = 0.055 m−1), and Coastal 5 (turbid
nearshore,Kd = 0.35m−1). The dashed line marks the 1% irradiance level defining
the euphotic zone depth (Equation 2.13).

A fundamental connection between the inherent and apparent optical
properties is provided by the Gershun equation (Dera, 1992, Eq. 5.4.21b):

Equation 10.7—Gershun equation:

∇ · E = −aE0 (2.14)

where E is the irradiance vector andE0 is the scalar irradiance. This equation
states that the divergence of the irradiance vector equals thenegative product
of the absorption coefficient and the scalar irradiance. In ahorizontallyhomo‐
geneous ocean, it reduces to (Dera, 1992, Eq. 5.4.23):

dEz(z)

dz
= −a(z)E0(z) (2.15)

enabling in situ determination of the absorption coefficient from irradiance
measurements.

The relationship between the diffuse attenuation coefficient and the ab‐
sorption coefficient is (Dera, 1992, Eq. 5.4.24b):

Kz(z) = a(z) ·D(z) (2.16)

where D(z) is the distribution function characterising the angular
spread of the light field. The absorbed radiant power per unit volume is
dP/dV = −aE0 [Wm−3] (Dera, 1992, Eq. 5.4.22).

2.3.3 OceanWater Classification

Ocean waters are classified by their optical clarity according to the Jerlov sys‐
tem (Dera, 1992):
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• TypeI (clearestopenocean): 1%irradiancedepth∼140matλ = 475nm;
maximum transparency in the blue.

• Type III (productive open ocean): 1% depth∼40m.

• Coastal type 5 (turbid nearshore): 1% depth∼10m.

At longer wavelengths such as red light (λ = 600nm), even type I water
attenuates the irradiance to 1% at only ∼20m depth, illustrating the strong
wavelength dependence of absorption (Dera, 1992).

2.3.4 Radar Physics and Principles

Marine radar operates by transmitting short pulses of microwave energy and
detecting the echoes reflected by targets. The fundamental relationship gov‐
erning radar detection is the radar equation (Skolnik, 2001):

Pr =
PtG

2λ2σ

(4π)3R4
(2.17)

where Pr is the received power, Pt is the transmitted power,G is the antenna
gain, λ is thewavelength, σ is the radar cross section (RCS) of the target inm2,
andR is the range to the target. TheR−4 dependence arises because the sig‐
nal travels to the target (spreading asR−2) and the echo returns over the same
path (anotherR−2) (Skolnik, 2001).

The radar cross section σ is a measure of the target’s reflectivity and de‐
pends on its size, shape, material, and orientation relative to the radar beam.
A large metal ship broadside‐on may present σ ∼ 103–105 m2, while a small
fibreglass yachtmay have σ < 1m2 (Skolnik, 2001).

The range resolution of a pulsed radar is∆R = cτ/2, where τ is the pulse
duration and the factor of 2 accounts for the round trip. A typicalmarine radar
with τ = 0.05µs achieves∆R ≈ 7.5m. The bearing resolution is determined
by the horizontal beamwidth of the antenna, which for a marine radar with
a 1.2m slotted‐waveguide antenna at X‐band is approximately 1.2◦ (Skolnik,
2001).

2.3.5 Antenna Theory forMaritimeApplications

An antenna converts between guided electromagnetic energy and free‐space
radiation. The fundamental radiating element is the half‐wave dipole, whose
radiation pattern is a toroid with maximum intensity perpendicular to the
antenna axis (Griffiths, 2013). The antenna gain G quantifies the concentra‐
tion of radiated power relative to an isotropic (omnidirectional) radiator: G =
4πAe/λ

2, whereAe is the effective aperture area (Skolnik, 2001). For a rectan‐
gular aperture antenna of physical areaA, the effective aperture isAe = ηaA,
where ηa ≈ 0.5–0.7 is the aperture efficiency (Skolnik, 2001).

33



Chapter 2. Electromagnetism andMaritime Navigation

Marine radar antennas are predominantly slotted‐waveguide arrays: a rect‐
angular waveguidewith precisely spaced slots cut into onewall, each slot act‐
ing as a radiating element (Skolnik, 2001). The phase relationship between
the slot elements produces a narrow horizontal beam (typically 0.8–2◦) and a
broaderverticalbeam(∼ 20–25◦). Thenarrowhorizontalbeamwidthprovides
the bearing discrimination essential for navigation, while the broad vertical
beamaccommodates the ship’s rollmotion. Theantenna rotates at20–25 rpm
to provide 360◦ azimuthal coverage (Skolnik, 2001).

2.3.6 Global Navigation Satellite Systems (GNSS)

GlobalNavigation Satellite Systems (GNSS) determine position bymeasuring
the propagation time of electromagnetic signals from satellites at known
orbital positions. Each satellite transmits a coded signal containing its
ephemeris (orbital parameters) and precise time from an onboard atomic
clock. The receiver measures the pseudorange to each satellite (National
Geospatial‐Intelligence Agency, 2019):

ρi = c (trx − ttx,i) = Ri + c δtrx (2.18)

where ρi is the pseudorange to satellite i, Ri is the true geometric range, c is
the speed of light, trx and ttx,i are the reception and transmission times, and
δtrx is the receiver clock bias. Because four unknownsmust be resolved (three
position coordinates plus the clock bias), a minimum of four satellites must
be simultaneously observed (National Geospatial‐Intelligence Agency, 2019).

The accuracy of the position fix depends on the geometric arrangement
of the observed satellites, quantified by the dilution of precision (DOP). A low
DOP value (satellites widely spread across the sky) yields a strong geometry
andhighaccuracy; ahighDOP(satellites clustered together)degrades thesolu‐
tion. Under open‐sky conditions with good geometry, single‐frequency civil‐
ianGNSSprovides ahorizontal accuracyof approximately5–10m(95%confid‐
ence) (National Geospatial‐Intelligence Agency, 2019).

Four operational GNSS constellations are available: the US Global
Positioning System (GPS, L‐band: 1575.42MHz and 1227.60MHz), the
Russian GLONASS, the European Galileo, and the Chinese BeiDou. Multi‐
constellation receivers track satellites fromall constellations simultaneously,
improvinggeometry andavailability, particularly in areasof restricted skyvis‐
ibility such as ports and narrowwaterways (National Geospatial‐Intelligence
Agency, 2019).

2.3.7 Differential GNSS andAugmentation Systems

Differential GNSS (DGNSS) improves positioning accuracy by broadcast‐
ing corrections derived from a reference station at a known location. The
reference station computes the difference between the measured and true
pseudoranges and transmits these corrections to the user receiver, which
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applies them to its ownmeasurements. This technique eliminates common‐
mode errors (atmospheric delays, satellite clock offsets) and typically reduces
the horizontal position error to 1–3m (National Geospatial‐Intelligence
Agency, 2019).

Satellite‐Based Augmentation Systems (SBAS) provide differential correc‐
tions over awide area via geostationary satellites. Regional implementations
include the Wide Area Augmentation System (WAAS, North America) and
the European Geostationary Navigation Overlay Service (EGNOS, Europe).
SBAS corrections improve accuracy to approximately 1–2mhorizontally and
additionally provide integrity monitoring—alerting users within seconds if a
satellite signal becomes unreliable (National Geospatial‐Intelligence Agency,
2019).

For high‐precision applications such as hydrographic survey and harbour
approach, Real‐Time Kinematic (RTK) positioning resolves the carrier‐phase
ambiguity of the GNSS signal to achieve centimetre‐level accuracy. RTK re‐
quires a local reference station (or a network of stations) transmitting carrier‐
phase corrections, and the baseline between the reference and usermust typ‐
ically be less than 20–50 km (National Geospatial‐Intelligence Agency, 2019).

2.3.8 Magnetic Compass Physics

Themagnetic compassoperateson theprinciple expressed inEquation2.10: a
magnetised needle, free to rotate on a pivot, experiences a torque τ⃗ = m⃗× B⃗
that aligns it with the local geomagnetic field (Campbell, 2025). The torque
magnitude is τ = mB sin θ, where θ is the angle between the needle’s dipole
momentm⃗andthehorizontal componentof theEarth’sfield B⃗H . Equilibrium
is reachedwhen θ = 0 (needle alignedwithmagnetic north).

In practice, the compass needle does not settle instantaneously but un‐
dergoes damped oscillation about the equilibrium direction, with a natural
period T ∝

√
Ineedle/(mBH), where Ineedle is the needle’s moment of iner‐

tia. On steel‐hulled vessels, the ship’s own ferromagnetic structure creates
a local magnetic field that deflects the compass from magnetic north—an er‐
ror called deviation (National Geospatial‐Intelligence Agency, 2019). Compass
adjustment compensates for this deviation using correctormagnets, Flinders
bars, and soft‐iron spheres arranged to cancel the ship’smagnetic signature at
the compass location.

The deviation of amagnetic compass on a steel vessel is a systematic func‐
tion of the ship’s heading ψ. It is classically decomposed into five harmonic
coefficients (National Geospatial‐Intelligence Agency, 2019):

δ(ψ) = A+B sinψ + C cosψ +D sin 2ψ + E cos 2ψ (2.19)

where A represents a constant (asymmetric soft iron), B and C are semicir‐
cular deviations caused by permanent magnetism of the hull (corrected by
permanent magnets), and D and E are quadrantal deviations arising from
induced magnetism in the ship’s horizontal soft iron (corrected by soft‐iron
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Figure 2.3: Magnetic compass schematic showing the restoring torque τ⃗ = m⃗ × B⃗
(Equation 2.10) that drives the compass needle (dipole moment m⃗) toward alignment
with the Earth’s horizontal field B⃗H . The deviation angle δ arises from the ship’s ferro‐
magnetic structure, which creates a local field that deflects the needle frommagnetic
north.

spheres) (National Geospatial‐Intelligence Agency, 2019). A deviation table
or curve is preparedby swinging the ship throughall headings and comparing
the compass reading against a known reference.

A further error ariseswhen the vessel heels: the vertical component of the
ship’s permanentmagnetism, which has no effect on the horizontal compass
needle when the ship is upright, acquires a horizontal component propor‐
tional to the sine of the heel angle. This heeling error is most pronounced
on north–south headings and is corrected by a vertical permanent magnet
(heelingmagnet) placedbelowthe compass (NationalGeospatial‐Intelligence
Agency, 2019).

2.3.9 Gyroscope Physics and Inertial Navigation

A gyroscope is a spinning body whose angular momentum L⃗ = Iω⃗ resists
changes to its orientation. When an external torque τ⃗ is applied perpendic‐
ular to the spin axis, the angular momentum vector precesses according to
τ⃗ = dL⃗/dt, causing the spin axis to rotate at right angles to both the torque
and the spin axis (Campbell, 2025). A gyrocompass exploits this property: a
spinning rotor is constrained so that the Earth’s rotation provides a small
torque that causes the spin axis to precess until it aligns with the geographic
meridian (true north), independent of the ship’s magnetic environment (Na‐
tional Geospatial‐Intelligence Agency, 2019).

The gyrocompass replaced themagnetic compass as the primary heading
reference on large vessels because it indicates true north (no declination or
deviation correction required), is unaffected by the ship’s ferromagnetic struc‐
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ture, and provides a stable heading input to radar, ECDIS, and autopilot sys‐
tems (National Geospatial‐Intelligence Agency, 2019). Errors in the gyrocom‐
passarise fromspeedand latitudeeffects: thevessel’svelocityover theground
has a component that mimics Earth rotation, producing a heading error that
increaseswith speedand latitudeandmustbe correctedeithermanuallyorby
the compass electronics (National Geospatial‐Intelligence Agency, 2019).

Modern inertial navigation systems (INS) use triads of gyroscopes and
accelerometers tomeasure angular rate and specific force in three axes. Integ‐
ration of these measurements yields attitude, velocity, and position without
external references. Ring laser gyroscopes (RLG) and fibre optic gyroscopes (FOG)
measure angular rate via the Sagnac effect: two counter‐propagating laser
beams in a closed path experience different optical path lengths when the
platform rotates, producing an interferometric fringe shift proportional to
the rotation rate (National Geospatial‐Intelligence Agency, 2019). Because
INS position errors grow with time due to sensor drift, shipboard INS is
invariably aided byGNSS (Section 2.3.6); the GNSS provides bounded position
accuracy while the INS provides continuous high‐rate attitude and velocity
data between GNSS updates (National Geospatial‐Intelligence Agency, 2019).

2.3.10 Automatic Identification System (AIS) andVHF Communication

VHF radio (156–174MHz) is the primary short‐range maritime communica‐
tion band. Propagation at VHF frequencies is essentially line‐of‐sight, with
the radio horizon slightly beyond the geometric horizon due to atmospheric
refraction. The range between two stations with antenna heights h1 and h2
(in metres) is approximatelyR ≈ 2.2(

√
h1 +

√
h2) nautical miles, where the

factor 2.2 accounts for standard atmospheric refraction (National Geospatial‐
Intelligence Agency, 2019).

The Automatic Identification System (AIS) operates on two dedicated
VHF channels (161.975MHz and 162.025MHz) using Self‐Organising Time
Division Multiple Access (SOTDMA). Each equipped vessel periodically
broadcasts a data packet containing its identity (MMSI), position (from
GNSS), course, speed, heading, rate of turn, and navigational status. The
transmission rate adapts to the vessel’s dynamic state: a vessel at anchor
transmits every 3min, while a vessel manoeuvring at high speed transmits
every 2 s (National Geospatial‐Intelligence Agency, 2019). The SOTDMA
protocol allows each station to autonomously reserve time slots in the 1min
frame, enabling the channel to support more than 4,500 reports per minute
per channel without central coordination (National Geospatial‐Intelligence
Agency, 2019).
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2.4 Applications inMaritime Systems

2.4.1 Electronic Chart Display and Information System (ECDIS)

The Electronic Chart Display and Information System (ECDIS) integrates nav‐
igation sensor data—GNSS position, gyrocompass heading, radar overlay, AIS
targets, echo sounder depth—onto an electronic navigational chart (ENC). The
ENC is a vector chart in the S‐57 standard, containing georeferenced features
(coastline, depth contours, aids to navigation, traffic separation schemes)
stored in layers that can be selectively displayed (National Geospatial‐
Intelligence Agency, 2019).

The chart datum defines the vertical reference for charted depths. The
datum adopted by the International Hydrographic Organization is Lowest
Astronomical Tide (LAT),meaning that charted depths represent theminimum
depth that can be expected under any combination of astronomical tidal con‐
stituents. The navigator must add the predicted tidal height to the charted
depth to obtain the actual water depth at the time of passage (National
Geospatial‐Intelligence Agency, 2019).

ECDIS provides automated watchkeeping functions including route
monitoring (cross‐track distance alarm), grounding avoidance (comparison of
draught against charted depth plus safety contour), and target tracking (AIS
and radar fusion). When type‐approved ECDIS with up‐to‐date ENC data is
carried, it satisfies the SOLAS chart carriage requirement, replacing the paper
chart as the primary means of navigation (National Geospatial‐Intelligence
Agency, 2019).

2.4.2 RadarNavigation and CollisionAvoidance (ARPA)

Automatic Radar Plotting Aid (ARPA) functionality extracts targetmotion in‐
formation from the radar display. After a target echo has been acquired (auto‐
matically ormanually), the systemtracks itspositionover successive antenna
scans,fittingatracktothesequenceofplots toestimatethetarget’s courseand
speed (National Geospatial‐Intelligence Agency, 2019).

From the relativemotion between own ship and the tracked target, ARPA
computes two critical collision avoidance parameters: the Closest Point of
Approach (CPA), which is the minimum distance the target will pass if both
vesselsmaintain their present courses and speeds, and theTime to Closest Point
of Approach (TCPA), which is the time remaining until that point is reached. If
CPA falls below a navigator‐set threshold (a common value is 1 nauticalmile),
the system generates an alarm (National Geospatial‐Intelligence Agency,
2019).

The ARPA also supports trial manoeuvre: the navigator can simulate a pro‐
posed changeof course or speed andobserve the resulting effect onCPA/TCPA
for all tracked targetsbefore executing themanoeuvre. This allowssystematic
assessment of compliance with the International Regulations for Preventing
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Collisions at Sea (COLREGs). The tracking accuracy depends on the quality of
the radar signal, the target’s radar cross section (Equation 2.17), and the sea
clutter environment (National Geospatial‐Intelligence Agency, 2019; Skolnik,
2001).

2.4.3 VoyageData Recorder (VDR)

The Voyage Data Recorder (VDR) is the maritime equivalent of the aviation
flight recorder. It continuously records data from the ship’s navigation and
communication sensors: radar image, audio from the bridge, VHF radio com‐
munications, GNSS position, heading, speed, depth, engine orders, rudder
angle, hull openings status, and fire and watertight door alarms (National
Geospatial‐Intelligence Agency, 2019).

The recorded data is stored in a protective capsule designed to survive a
maritime casualty. The capsulemust withstand immersion at a depth corres‐
ponding to the seabed at the ship’s operating area (at least 6000mdepth, equi‐
valent to a hydrostatic pressure of approximately 60MPa), exposure to a tem‐
perature of 1100 ◦C for 60min (fire survival), and a mechanical shock of 250 g
for 6ms (impact survival). The capsule incorporates a locating beacon (ultra‐
sonic pinger and satellite EPIRB) that activates on immersion to enable recov‐
ery (National Geospatial‐Intelligence Agency, 2019). The VDR retains at least
the final 12h of data in a continuous‐overwrite buffer.

2.4.4 Long Range Identification and Tracking (LRIT)

Long Range Identification and Tracking (LRIT) provides global ship track‐
ing through satellite communication. Each SOLAS‐class vessel transmits
a position report (derived from its GNSS receiver) at six‐hour intervals
via an Inmarsat‐C satellite terminal to a national data centre (National
Geospatial‐Intelligence Agency, 2019).

The Inmarsat system uses geostationary satellites at an altitude of ap‐
proximately 35 786 kmoperating in the L‐band (1.5–1.6GHz). At this altitude,
the orbital period equals the Earth’s rotation period, so the satellite remains
stationary relative to the ground. The signal path length of ∼ 36 000 km
introduces a one‐way propagation delay of ∼ 120ms and requires a link
budget that accounts for free‐space path loss of approximately 188 dB at
1.5GHz (Skolnik, 2001). The ship earth station (SES) uses a small omnidirec‐
tional or low‐gain antenna, and the satellite’s high‐gain spot beams close the
link despite themodest shipboard antenna (National Geospatial‐Intelligence
Agency, 2019). Beyond LRIT, the Inmarsat system supports ship‐to‐shore
telephony, data communication, and the GlobalMaritimeDistress and Safety
System (GMDSS) distress alerting (National Geospatial‐Intelligence Agency,
2019).

39



Chapter 2. Electromagnetism andMaritime Navigation

2.5 Discussion

The optical properties of seawater and the physics of electromagnetic wave
propagation represent two facets of the same fundamental interaction
between electromagnetic fields and matter. In the marine environment,
this interaction is characterised by two striking contrasts: (i) the extreme
transparency of the ocean to acoustic waves versus the rapid attenuation of
electromagnetic radiation (compare the SOFAR channel range of thousands
of kilometres with the photic zone of ∼10–140m), and (ii) the wavelength
dependence that makes the ocean a spectral filter, transmitting blue‐green
light and absorbing red and infrared radiation within the first few metres
(Dera, 1992). The electromagnetic foundations presented in Section 2.2.1—
Coulomb’s law (Equation 2.1), themagnetic force (Equation 2.2), and Faraday’s
law (Equation 2.4)—govern the full range ofmaritime navigation and commu‐
nication technologies. Faraday’s law, in particular, is the operating principle
of ship generators, and the Biot–Savart result (Equation 2.3) governs both
degaussing coil design and compass corrector magnet placement (Campbell,
2025; Griffiths, 2013). The integration ofmultiple electromagnetic navigation
systems—GNSS, radar, gyrocompass, AIS, ECDIS—into a coherent bridge
system has transformed isolated instruments into a fused navigation en‐
vironment. The redundancy inherent in carrying independent position
sources (GNSS trilateration, radar fixing, dead reckoning from INS) reflects
the fundamental principle that no single electromagnetic measurement is
immune to failure: GNSS signals can be jammed or spoofed, radar is degraded
by sea clutter and propagation anomalies, and the gyrocompass drifts during
power interruptions (National Geospatial‐Intelligence Agency, 2019). The
navigator’s task is to cross‐check these independent sources continuously
andmaintain situational awareness that transcends any individual sensor.

The electromagnetic frontier in maritime navigation is the transition
toward e‐Navigation: a harmonised framework in which shipboard and
shore‐based systems exchange data digitally to enhance navigational safety
and efficiency. The physics underpinning this transition remains the same—
Maxwell’s equations (Equation 2.5), satellite ranging (Equation 2.18), and
the radar equation (Equation 2.17)—but the information layer built upon it
grows steadily richer, enabling route optimisation, automated collision avoid‐
ance algorithms, and real‐time hydrographic data dissemination (National
Geospatial‐Intelligence Agency, 2019).

2.6 Conclusion

Electromagnetic phenomena govern two complementary domains of mari‐
time technology: the interaction of light with seawater and the navigation
and communication systems built on Maxwell’s equations. The refractive
index of seawater (n ≈ 1.33) controls Fresnel reflection at the air–sea inter‐
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face, with less than 2% reflected at high sun angles rising to total reflection
at grazing incidence (Dera, 1992). Below the surface, underwater irradiance
follows exponential decay (Equation 2.13), governed by the diffuse attenu‐
ation coefficientKd whose magnitude varies across the Jerlov classification
from ∼0.017 m−1 (Type I, euphotic depth ∼140m) to ∼0.35 m−1 (Coastal 5,
∼10m) (Dera, 1992). The Gershun equation (Equation 2.14) provides the
fundamental connection between the divergence of the irradiance vector and
the absorption coefficient, enabling in situ determination of inherent optical
properties from irradiancemeasurements.

The electromagnetic foundations—Coulomb’s law (Equation 2.1), the
magnetic force on moving charges (Equation 2.2), the Biot–Savart law (Equa‐
tion 2.3), and Faraday’s law of induction (Equation 2.4)—govern radar, GNSS,
radio communications, shipboard power generation, and compass correction
systems (Campbell, 2025; Griffiths, 2013). The magnetic compass exploits
the torque τ⃗ = m⃗ × B⃗ (Equation 2.10) to align with the Earth’s horizontal
field, while deviation arising from the ship’s ferromagnetic structure must
be compensated by careful adjustment. The contrast between the ocean’s
extreme transparency to acoustic waves and the rapid attenuation of electro‐
magnetic radiation—the SOFARchannel spans thousands of kilometreswhile
the photic zone extends at most 140m—defines the fundamental operating
envelopes for underwater sensing and communication, a theme developed
further in Chapter 6.
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Chapter 3

MarineMeteorology and
Atmospheric Physics

3.1 Introduction

The atmosphere and the ocean form a coupled thermodynamic system, ex‐
changing heat, moisture, andmomentum across the air–sea interface. Atmo‐
spheric physics determinesmaritimesafety andefficiency: winddriveswaves
andsurfacecurrents, pressuresystemsgeneratestorms, and theCoriolis effect
organises both atmospheric and oceanic circulation on planetary scales.

Dera (1992) treated theatmosphere–ocean interactionasoneof the central
problems of marine physics, connecting solar radiation input, heat exchange
at the sea surface, and the Coriolis force that dominates large‐scalemotion in
both fluids.

3.2 Scientific Background

3.2.1 Atmospheric Structure and Composition

The atmosphere is divided into distinct layers defined by their temperature
profiles (Wallace & Hobbs, 2006). Cornish and Ives (2009) describe the tropo‐
sphere as the lowest layer, extending from the surface to approximately 11 km
atmid‐latitudes (higher at the equator, lower at the poles), withinwhich tem‐
peraturegenerallydecreaseswithaltitude. Therateof thisdecrease is the lapse
rate. The dry adiabatic lapse rate (DALR) is the rate atwhich an unsaturated par‐
cel of air cools as it rises adiabatically:

Equation 11.3—Dry adiabatic lapse rate:

Γd =
g

cp
≈ 9.8 ◦C km−1 (3.1)

where g is gravitational acceleration and cp is the specific heat capacity of dry
air at constant pressure (Cornish & Ives, 2009); for a concise treatment, see
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(Fischer‐Cripps, 2014). When a rising air parcel becomes saturated and con‐
densation occurs, the release of latent heat reduces the cooling rate; this sat‐
urated adiabatic lapse rate (SALR) is variable (typically 4 ◦C km−1 to 7 ◦C km−1)
depending on temperature andmoisture content (Cornish & Ives, 2009).

The atmospheric stability of an air column depends on the relationship
between the environmental lapse rate (ELR)—the actual measured rate of tem‐
peraturedecrease—andtheDALR/SALR.WhentheELRexceeds theDALR, the
atmosphere is absolutely unstable: a displaced air parcel continues to acceler‐
ate upward, promoting convection and cloud formation. When theELR is less
than the SALR, the atmosphere is absolutely stable: displaced parcels return to
their original level. Between these extremes lies conditional instability, where
the atmosphere is stable for unsaturated air but unstable once saturation is
reached (Cornish & Ives, 2009).

Figure 3.1: Atmospheric lapse rates and stability regimes. The dry adiabatic lapse rate
(DALR = g/cp ≈ 9.8 ◦C km−1; Equation 3.1) and the saturated adiabatic lapse rate
(SALR≈ 5.5 ◦C km−1) define theboundaries of conditional instability. Environmental
lapse rates steeper than the DALR produce absolute instability and convection; rates
gentler than the SALR produce absolute stability.

Above the troposphere lies the tropopause, a boundary marked by a tem‐
perature minimum, and then the stratosphere, where temperature increases
with altitude due to absorption of ultraviolet radiation by ozone. The strato‐
sphere is inherently stable and effectively caps the vertical extent of weather
systems (Cornish & Ives, 2009;Wallace &Hobbs, 2006).

3.2.2 Solar Radiation and Earth's Energy Balance

The primary energy input to the atmosphere–ocean system is solar radiation.
Of the shortwave radiation reaching the sea surface, a fraction is reflected (Fig‐
ure 10.1 context in Chapter 2) and the remainder is transmitted into thewater
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column. Under overcast skies, approximately 95% of the incident diffuse radi‐
ation penetrates the surface (Chapter 2, Equation 2.7), while under clear skies
the reflection depends on solar altitude (Dera, 1992).

The absorbed solar radiation heats the upper ocean, establishing the
thermal structure (mixed layer, thermocline) described in Chapter 4. The
ocean in turn releases heat to the atmosphere through longwave radiation,
sensible heat flux, and latent heat flux (evaporation). This exchange drives
atmospheric circulation and sustains the global hydrological cycle (Dera,
1992).

The total solar irradiance at the mean Earth–Sun distance (the solar con‐
stant) is approximately S0 ≈ 1361Wm−2 (Wallace & Hobbs, 2006). Because
the Earth presents a cross‐sectional areaπR2

E to the solar beamwhile its total
surface area is 4πR2

E , the globally and annually averaged insolation isS0/4 ≈
340Wm−2. Of this incoming radiation, approximately 30% is reflected back
to space by clouds, aerosols, and the surfacewithout being absorbed; this frac‐
tion is the planetary albedoαp ≈ 0.30 (Wallace &Hobbs, 2006). The remaining
70% (≈ 238Wm−2) is absorbed by the surface and atmosphere, establishing
the energy source that drives all atmospheric and oceanic circulation.

For the planet to be in radiative equilibrium, the absorbed solar radiation
must equal the outgoing longwave radiation emitted to space. By the Stefan–
Boltzmann law, the effective emission temperature required for this balance
is (Wallace &Hobbs, 2006):

Te =

(
S0(1− αp)

4σ

)1/4

≈ 255K (3.2)

where σ = 5.67 × 10−8Wm−2 K−4 is the Stefan–Boltzmann constant. This
temperature is approximately 33K below the observed global mean surface
temperature (≈ 288K); thedifference is attributable to theatmospheric green‐
house effect, in whichwater vapour, carbon dioxide, and other trace gases ab‐
sorb and re‐emit longwave radiation, reducing the net radiative loss from the
surface (Wallace &Hobbs, 2006).

Over the ocean, the surface albedo is low (αs ≈ 0.06–0.10 for solar eleva‐
tions above 30◦; see the Fresnel reflectance treatment in Chapter 2), so the sea
surface absorbs a larger fraction of the incident solar radiation thanmost land
surfaces. This asymmetrymakes theocean thedominant thermal reservoir of
the climate system, absorbing approximately 90% of the excess energy in the
Earth system (Dera, 1992).

3.2.3 Atmospheric Pressure andMeasurement

Atmospheric pressure at sea level averages approximately 1013.25hPa
(1 atm). Cornish and Ives (2009) explain that pressure decreases approxim‐
ately exponentially with altitude according to the hypsometric equation:

z2 − z1 =
RdT̄

g
ln
p1
p2

(3.3)
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where Rd = 287 J kg−1 K−1 is the gas constant for dry air, T̄ is the mean
virtual temperature of the layer, g is gravitational acceleration, and p1, p2 are
the pressures at heights z1, z2 (Cornish & Ives, 2009). Lines of equal pressure
on a weather chart are isobars; their spacing indicates the pressure gradient
and hence the wind speed. Close isobars indicate strong pressure gradients
and high winds—a critical feature for mariners to recognise on synoptic
charts (Cornish & Ives, 2009).

The barometric tendency—the change of pressure over the preceding three
hours—is one of themost valuable indicators of approachingweather systems
at sea. A rapidly falling barometer indicates the approachof a depression (low‐
pressure system) and the likelihood of deteriorating weather, while a rising
barometer signals the passage of a front or the establishment of an anticyc‐
lone (Cornish & Ives, 2009).

3.3 Theoretical Framework

3.3.1 Wind Systems and the Coriolis Effect

Themost important consequence of the Earth’s rotation for atmospheric and
oceanic dynamics is the Coriolis effect (Holton&Hakim, 2013). Dera (1992) de‐
rived the Coriolis acceleration for a bodymoving with velocity v on the rotat‐
ing Earth:

Equation 11.1—Coriolis acceleration:

aC = 2ω × v (3.4)

whereω is theEarth’s angularvelocityvector (ω = 7.292×10−5 rad s−1) (Dera,
1992, Eq. 1.2.31). Forhorizontalmotion, thedominant componentactsperpen‐
dicular to the velocity (to the right in the Northern Hemisphere, to the left in
the Southern) withmagnitude proportional to the Coriolis parameter:

f = 2ω sinφ (3.5)

whereφ is the geographic latitude (Dera, 1992, Eq. 1.2.33).
The Coriolis effect explains why wind does not blow directly from high to

low pressure. Instead, it deflects the flow until a balance is reached between
the pressure gradient force and the Coriolis force, producing the geostrophic
wind that blows approximately parallel to the isobars (Holton &Hakim, 2013).

In the free atmosphere above the friction layer (approximately 1000m
above thesurface), theCoriolis forcebalances thehorizontalpressuregradient
force. Cornish and Ives (2009) derive the geostrophic wind speed as:

Vg =
1

ρf

∆p

∆n
(3.6)

whereρ is theair density, f = 2ω sinφ is theCoriolis parameter (Equation3.5),
and∆p/∆n is thehorizontalpressuregradientmeasuredperpendicular tothe
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isobars (Cornish & Ives, 2009). The geostrophic wind blows parallel to the iso‐
bars, with low pressure to the left in the Northern Hemisphere (Buys Ballot’s
law).

Near the surface, friction with the sea (or land) reduces the wind speed
and causes the wind to blow across the isobars toward low pressure. The
angle of deviation is approximately 10–15◦ over the open sea and 25–40◦ over
land (Cornish & Ives, 2009). This frictional deflection is the mechanism by
which air converges into low‐pressure centres, sustaining the upwardmotion
that produces cloud and precipitation.

Where isobars are curved, the geostrophic balance is modified by the
centripetal acceleration, producing the gradient wind (Holton & Hakim, 2013).
In a cyclone (curved isobars around a low), the gradient wind is subgeo‐
strophic (slower than the geostrophic value), while in an anticyclone it is
supergeostrophic (Cornish & Ives, 2009).

3.3.2 Global Atmospheric Circulation

The unequal heating of the Earth’s surface by solar radiation drives a global
atmospheric circulation that redistributes heat poleward. Cornish and Ives
(2009) describe the three‐cellmodel: theHadley cell (equator to∼30◦ latitude),
in whichwarm air rises at the Intertropical Convergence Zone (ITCZ) and des‐
cends in the subtropical high‐pressure belt; the Ferrel cell (∼ 30◦–60◦), an in‐
direct, thermally driven cell maintained by eddy heat fluxes from migrating
depressions; and the Polar cell (∼ 60◦–90◦), where cold dense air descends at
the poles and flows equatorward.

The Coriolis effect deflects the surface flow in each cell, producing thema‐
jorwindbelts: thenortheast andsoutheast tradewinds (Hadleycell), thewester‐
lies inmid‐latitudes (Ferrel cell), and the polar easterlies. The convergence zone
between the Hadley cells—the ITCZ—migrates seasonally with the sun and is
characterisedby calms (doldrums), heavy convective rainfall, and squally thun‐
derstorms, conditionsof direct significance tomariners transiting tropicalwa‐
ters (Cornish & Ives, 2009).

3.3.3 Cyclones, Anticyclones, and Frontal Systems

Mid‐latitude weather is dominated by extratropical cyclones (depressions) and
anticyclones. Cornish and Ives (2009) describe the life cycle of a typical depres‐
sion: it forms as awave disturbance on the polar front (the boundary between
warmtropical and coldpolar airmasses), deepens as thewarmsectornarrows,
and eventually occludes when the cold front overtakes the warm front. The
sequence ofweather experienced by a ship as a depression passes depends on
the vessel’s position relative to the storm track.

A warm front produces a characteristic sequence as it approaches: high
cirrus cloud gradually thickening to altostratus and then nimbostratus, with
steady rain beginning well ahead of the surface front. After the warm front
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Figure 3.2: Three‐cellmodel of global atmospheric circulation (NorthernHemisphere).
The Hadley cell dominates equatorial to subtropical latitudes, the Ferrel cell occupies
mid‐latitudes, and the Polar cell extends to the poles. The Coriolis effect deflects sur‐
facewinds to produce the tradewinds, westerlies, and polar easterlies. Vertical arrows
indicate rising motion at the ITCZ and polar front, and subsidence at the subtropical
high and polar high.

passes, temperatures rise, winds veer, and conditions improve temporarily
in the warm sector. The subsequent cold front is typically steeper, produ‐
cing heavier but shorter‐duration precipitation (often showery), a sharp
temperature drop, and a backing then veering of the wind (Cornish & Ives,
2009).

In an anticyclone, descending air produces clear skies, lightwinds, and gen‐
erally settled conditions. At sea, anticyclones are generally benign but may
causepoor visibility through radiation fog inwinter or advection fog in spring
andsummerwhenwarmmoist air flowsover cold sea surfaces (Cornish& Ives,
2009).

3.3.4 Tropical Cyclones (Hurricanes/Typhoons)

Tropical cyclones (hurricanes, typhoons)are themostdestructiveweathersys‐
tems encountered at sea. Cornish and Ives (2009) describe the conditions ne‐
cessary for their formation: sea surface temperature exceeding 26.5 ◦C to a
depth of at least 50m, at a latitude greater than approximately 5◦ (to provide
a sufficient Coriolis deflection), with pre‐existing low‐level convergence and
weak verticalwind shear. The energy source is the latent heat released by con‐
densation ofmoisture evaporated from thewarmocean surface.

Themature tropical cyclone has a characteristic structure: a central eye of
calm, clear, warm descending air (15 km to 60 km in diameter), surrounded
by the eyewall of themost intense winds and heaviest rainfall, and spiral rain‐
bandsextendinghundredsofkilometresoutward (Cornish&Ives, 2009). Wind
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speeds in the eyewall can exceed 65ms−1 (Category 5 on the Saffir–Simpson
scale), and the central pressuremay fall below 900hPa.

Formariners, themost critical concept is the dangerous semicircle. Cornish
and Ives (2009) explain that in the Northern Hemisphere the right‐hand
semicircle (relative to the storm’s direction of motion) is more dangerous
because the storm’s translational speed adds to the rotational wind speed,
producing the highest winds. In the left‐hand (navigable) semicircle, the
translational speed opposes the rotational wind, giving relatively lowerwind
speeds and a tendency for vessels to be blown away from the storm track.
Buys Ballot’s law provides the operational rule: face the wind, and the centre
of the low is approximately 90◦ to the right (in the Northern Hemisphere);
if the wind veers, the vessel is in the dangerous semicircle (Cornish & Ives,
2009).

Figure 3.3: Vertical cross‐section of amature tropical cyclone showing the calm,warm
eye surroundedby the eyewall ofmost intensewinds and convection,withouter spiral
rainbands. Low‐level inflow converges toward the centre, rising rapidly in the eyewall,
and diverges aloft. The dangerous semicircle (right of the storm track in the Northern
Hemisphere) experiences the highest winds where translational and rotational com‐
ponents add.

3.3.5 Sea‐‐Air Interaction

The ocean–atmosphere interface is the site of continuous exchange of heat,
mass, and momentum (Gill, 1982). The three pathways of heat transfer from
ocean to atmosphere are:

1. Shortwave radiation: Solar radiation absorbed by the ocean (governed
by the diffuse attenuation coefficientKd; see Chapter 2, Equation 2.13).
The transmittance through the sea surface depends on cloud cover and
solar elevation as described byDera (1992, Eq. 5.2.16).
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2. Longwave radiation: The ocean emits thermal infrared radiation as a
near‐blackbody. The net longwave flux depends on the sea surface tem‐
perature and the atmospheric greenhouse effect.

3. Latent and sensible heat: Evaporation transfers both mass (water va‐
pour) and latent heat from the ocean to the atmosphere. Sensible heat
is transferred by conduction and convection across the thin boundary
layer at the surface.

Thesea surface temperature (SST) is akeyvariable controlling thesefluxes.
The upper‐ocean mixed layer temperature, maintained by turbulent mixing
andwind forcing, determines the rateofevaporationandhence the latentheat
flux. Regional SST anomalies (such as El Niño) can substantially alter atmo‐
spheric circulation patterns (Dera, 1992).

The turbulentexchangeofheatandmoistureacross theair–sea interface is
parameterised by the bulk aerodynamic formulae. Dera (1992) express the sens‐
ible and latent heat fluxes as:

QH = ρa cp CH U10 (Ts − Ta) (3.7)

QE = ρa Lv CE U10 (qs − qa) (3.8)

whereρa is the air density, cp is the specificheat of air,Lv ≈ 2.5×106 J kg−1 is
the latentheat of vaporisation,U10 is thewind speedat10mheight,Ts andTa
are the sea surface and air temperatures, qs and qa are the specific humidities
at the surface and at 10m, andCH andCE are the dimensionless bulk transfer
coefficients for heat and moisture (Dera, 1992). Similarly, the wind stress on
the sea surface is τ = ρa CD U

2
10, whereCD is the drag coefficient (Gill, 1982).

Typical valuesover theopenoceanareCD ≈ (1.0–2.5)×10−3, increasingwith
wind speed and sea state, whileCH ≈ CE ≈ 1.1 × 10−3 under near‐neutral
stability conditions (Gill, 1982).

The net heat flux at the sea surface is the sumof shortwave radiation gain,
longwave radiation loss, and the turbulent sensible and latent fluxes. Atmid‐
latitudes, the latent heat flux typically dominates, reflecting the enormous
capacity of the ocean to supply moisture to the atmosphere through evapor‐
ation (Dera, 1992).

3.3.6 Visibility, Fog, and Precipitation Physics

Fog is a criticalmaritimehazard that reduces visibility below 1000m. Cornish
and Ives (2009) classify the principal types encountered at sea:

• Advection fog: Formed when warm, moist air passes over a colder sea
surface. The air is cooled below its dew point from below, producing
a shallow but persistent fog layer. This is the most common type of
sea fog, particularly in spring and summer when warm continental
air flows over cold ocean currents (e.g. the Labrador Current, the
Oyashio) (Cornish & Ives, 2009).
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• Radiation fog: Formed over land on clear, calm nights when radi‐
ative cooling reduces the near‐surface temperature below the dew
point. It may drift seaward in light offshore winds, affecting coastal
waters (Cornish & Ives, 2009).

• Frontal fog: Occurs near warm fronts where rain from the overrunning
warmair falls through the cooler air below, saturating it by evaporation.
This type is transient, clearing as the front passes (Cornish& Ives, 2009).

Precipitation formswhen cloud droplets grow large enough to fall against
the updraft. The two principal growth mechanisms are the Bergeron–
Findeisen (ice‐crystal) process, dominant in mid‐latitude clouds that extend
above the freezing level, and the collision–coalescence process, domin‐
ant in warm tropical clouds. The type and intensity of precipitation are
directly linked to the atmospheric stability and the vertical extent of the
cloud (Cornish & Ives, 2009).

3.3.7 Sea State andWind‐‐Wave Relationship

Thestateof theseasurface isdirectly relatedtowindspeed,duration, and fetch
(the distance overwhich thewind blows). Cornish and Ives (2009) present the
Beaufort scale, which classifieswind speeds fromForce 0 (calm,< 0.5ms−1) to
Force 12 (hurricane,> 33ms−1) and associates each level with characteristic
seaconditions. AtForce8 (gale,17ms−1 to21ms−1), significantwaveheights
reach 5.5mto 7.5m; at Force 12,waveheights can exceed 14m(Cornish& Ives,
2009).

The relationship between wind speed U10 (at 10m height), wave height,
andwave period in a fully developed sea (where thewave field has reached equi‐
librium with the wind) follows from the Pierson–Moskowitz spectrum. The
significant wave height Hs in a fully developed sea grows approximately as
Hs ∝ U2

10, while the peak period increases more gradually (Cornish & Ives,
2009). The Beaufort scale encapsulates these relationships in a form immedi‐
ately usable bymariners for visual estimation of wind and sea conditions.

3.4 Applications inMaritime Systems

3.4.1 Weather Forecasting forMariners

Maritime weather forecasting relies on the interpretation of synoptic charts,
which depict the distribution of atmospheric pressure, frontal positions, and
significant weather phenomena over large areas at a standard observation
time. Isobars on a surface analysis chart indicate the pressure gradient
and, through the geostrophic wind equation (Equation 3.6), the wind speed
and direction; closely spaced isobars signal strong winds. Frontal symbols
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mark the boundaries between air masses, and their movement and intensity
indicate the expected sequence of weather (Cornish & Ives, 2009).

At sea, weather information is received from shore‐based meteorological
services via radiofacsimile charts, Navtex broadcasts (text‐based coastal
warnings), and digital gridded data files (GRIB format) that can be overlaid
on electronic chart displays. National Geospatial‐Intelligence Agency (2019)
note that the mariner should cross‐check forecast data with direct observa‐
tions: barometric tendency (Section 3.2.3), wind direction shifts, cloud type
progression, and sea state changes all provide immediate local indicators
that may precede or contradict the synoptic forecast. Satellite imagery in the
visible and infrared bands allows identification of cloud patterns associated
with frontal systems, tropical cyclones, and fog banks, complementing the
numerical forecast products (National Geospatial‐Intelligence Agency, 2019).

3.4.2 Weather Routing

Weather routing (also termed optimum track ship routing) uses forecast wind,
wave, and current data to determine the route that minimises transit time,
fuel consumption, or cargo damage risk. National Geospatial‐Intelligence
Agency (2019) describe thegeneral principle: the shortest geographic distance
(great circle) is not necessarily the fastest or safest route, because adverse
weather can slow a vessel farmore than a longer but calmer alternative.

The standard analytical method is the isochrone technique: from the de‐
parture point, the maximum distance achievable in a fixed time interval
(e.g. 12 hours) is computed for all headings, using the vessel’s speed–sea‐state
performance envelope and the forecast wave field. The locus of these points
forms the first isochrone; the process is repeated from each point on the
isochrone, advancing the forecast, until the destination is reached. The
optimum route is the track that reaches the destination on the earliest
isochrone (National Geospatial‐Intelligence Agency, 2019).

Three optimisation objectives are common: minimum time (fastest ar‐
rival, used when schedule compliance is paramount), minimum fuel (lowest
total consumption, accepting a longer transit), and minimum risk (avoiding
heavy weather that could cause structural damage, cargo shifting, or crew
injury). In practice, the routing recommendation is constrained by the
master’s obligation to ensure the safety of the vessel and crew above all other
considerations (National Geospatial‐Intelligence Agency, 2019).

3.4.3 HeavyWeather Seamanship

When heavy weather cannot be avoided, the master must decide how to
handle the vessel to minimise the risk of structural damage, loss of sta‐
bility, and crew injury. Cornish and Ives (2009) describe three classical
heavy‐weather tactics:
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• Heaving‐to: Thevesselmaintainsminimumsteeragewaywith thebow
approximately 30◦–45◦ off the dominant wave direction, reducing the
encounter frequency andpreventing beam‐on rolling. This tactic is suit‐
ablewhensea roompermits and thevesselhas sufficientpower tomain‐
tain headway against the seas.

• Running before the sea: The vessel turns to run downwind, reducing
the relative wind and wave impact. The danger is that following seas
may cause pooping (seas breaking over the stern) or broaching (loss of
directional control in steep following seas), particularly when the ves‐
sel’s speed approaches thewave phase speed.

• Lying ahull: All sail or engine power is removed and the vessel is left to
find its ownequilibriumattitude. This is a tactic of last resort for vessels
unable to maintain steerage way, as the vessel will lie beam‐on to the
seas, exposing it tomaximum rolling (Cornish & Ives, 2009).

For tropical cyclone avoidance, Cornish and Ives (2009) prescribe rules
based on the dangerous semicircle concept (Section 3.3.4). In the Northern
Hemisphere, a vessel in the dangerous (right) semicircle should bring the
wind on the starboard bow and make best speed to open from the storm
track. A vessel in the navigable (left) semicircle should bring the wind on the
starboard quarter and run with the wind, diverging from the storm path. A
vessel directly ahead of the storm should bring the wind on the starboard
quarter and run to escape the storm’s advance (Cornish& Ives, 2009; National
Geospatial‐Intelligence Agency, 2019).

3.4.4 Ice Accretion Physics

Ice accretion on ships is a serious stability hazard in high‐latitude operations.
Cornish and Ives (2009) describe two mechanisms: spray icing, caused by sea
spray freezing on contact with the vessel’s superstructure when the air tem‐
perature is below the freezing point of the spray (approximately−2 ◦C for sea‐
water); and atmospheric icing, caused by freezing rain, drizzle, or fog depositing
ice on exposed surfaces.

Spray icing is the more dangerous mechanism because the spray flux is
large and the accretion rate depends on wind speed and sea state: higher
winds generate more spray and drive it higher into the superstructure.
Cornish and Ives (2009) note that significant icing occurs when the air
temperature falls below −2 ◦C and the sea temperature is below 7 ◦C, with
the most severe icing at air temperatures below −9 ◦C combined with wind
speeds exceeding 15ms−1 and significantwave heights above 3m.

The stability consequences of ice accretion are severe. Ice accumulated on
decks, masts, rigging, and superstructure raises the vessel’s centre of gravity,
reducing the metacentric heightGM and the righting leverGZ at all angles
(see the stability analysis in the companion volume). Cornish and Ives (2009)
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report that small fishing vessels are particularly vulnerable: an accumulation
of 15 cm to 30 cm of ice on the superstructure can raise the centre of gravity
sufficiently to cause capsizing. The prescribed countermeasures are manual
removal of ice (chippingand steam lances) and,whenpossible, altering course
to reduce spray generation—either by reducing speed or by steering to place
thewind on the quarter rather than the bow (Cornish & Ives, 2009).

3.5 Discussion

The Coriolis effect (Equation 3.4) is the unifying physical mechanism that
connects atmospheric and oceanic circulation (Gill, 1982). It deflects wind,
drives geostrophic currents (Chapter 12), and is responsible for the large‐scale
patterns—trade winds, westerlies, and subtropical gyres—that define the
oceanic and atmospheric environment in which ships operate. The sea–air
interface acts as the coupling boundary, with solar radiation, latent heat, and
wind stress as the principal exchangemechanisms (Dera, 1992).

The treatment of atmospheric lapse rates and stability by Cornish and
Ives (2009) provides the thermodynamic foundation for understanding why
weather events produce the patterns they do: conditionally unstable air
leads to cumulonimbus development and convective precipitation, while
absolutely stable air suppresses vertical motion and produces stratus clouds
and drizzle. The geostrophic wind equation (Equation 3.6) quantifies the
fundamental relationship between isobar spacing and wind speed, while
Buys Ballot’s law converts this physical relationship into an immediately
actionable rule for mariners. The dangerous semicircle concept for tropical
cyclones combines the Coriolis effect (Equation 3.4), the storm’s translational
velocity, and the surface wind field into a practical decision framework for
storm avoidance (Cornish & Ives, 2009).

The coupling between ocean and atmosphere—parameterised by the
bulk aerodynamic formulae (Equations 3.7–3.8) and the wind stress relation—
means that the two fluids cannot be understood in isolation. Changes in
sea surface temperature alter the heat and moisture fluxes, which modify
atmospheric stability and circulation, which in turn change the wind stress
and Ekman transport (Chapter 4, Equation 4.15), feeding back to the ocean
thermal structure. Gill (1982) demonstrated that this coupling is fundamental
to atmosphere–ocean dynamics at all scales, from the diurnal sea breeze to
theplanetary‐scale thermohaline circulation. The continued improvementof
coupled numerical weather prediction models, which solve the atmospheric
and oceanic equations of motion simultaneously, has steadily extended the
useful forecast horizon formaritimeweather (Wallace &Hobbs, 2006).
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3.6 Conclusion

The Coriolis acceleration aC = 2ω × v (Equation 3.4) is the unifyingmechan‐
ismofatmospheric andoceanicdynamics, deflectingwinds, organisingglobal
circulation cells, and governing the geostrophic wind Vg = (1/ρf)(∆p/∆n)
(Equation 3.6) that blows parallel to the isobars (Cornish & Ives, 2009; Dera,
1992). The vertical thermal structure of the atmosphere, characterised by the
dry adiabatic lapse rateΓd = g/cp ≈ 9.8 ◦C km−1 (Equation 3.1) and the lower
saturated rate (4 ◦C km−1 to 7 ◦C km−1), determines atmospheric stability
and thereby controlswhether convective clouds, frontal precipitation, or clear
skies prevail (Cornish & Ives, 2009). The three‐cell model—Hadley, Ferrel, and
Polar—explains the trade winds, westerlies, and polar easterlies, while the
ITCZ migrates seasonally with the sun, producing the calm doldrums and
squally thunderstorms of the tropics.

Formariners, themost operationally critical systems are the extratropical
cyclone life cycle (warm front, cold front, occlusion), the tropical cyclonewith
its dangerous semicircle where translational and rotational winds add, and
the fog types—advection, radiation, and frontal—that reduce visibility below
1000m (Cornish & Ives, 2009). Tropical cyclones require sea surface temperat‐
ures exceeding 26.5 ◦C and sufficient Coriolis deflection (latitude above∼5◦);
Buys Ballot’s law provides the operational rule for locating storm centres and
identifying the dangerous semicircle. The Beaufort scale condenses the phys‐
ics of wind–wave interaction into an observational framework from Force 0
(calm) to Force 12 (hurricane), enabling visual estimation of conditions at sea.
At theair–sea interface, thecontinuousexchangeof shortwaveradiation, long‐
wave emission, and latent and sensible heat fluxes couples the ocean thermal
structure to atmospheric circulation,with sea surface temperature as the con‐
trolling variable (Dera, 1992).
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Chapter 4

Physical Oceanography

4.1 Introduction

Physical oceanography is the study of the ocean as a physical system: its
temperature and salinity distributions, density structure, currents, and the
processes that drive them (Talley et al., 2011). For mariners, oceanographic
knowledge directly affects navigational safety and efficiency; for marine
scientists, the physical properties of seawater determine the propagation of
light and sound, the distribution ofmarine life, and the exchanges of heat and
momentum across the air–sea interface.

Dera (1992)providedacomprehensiveaccountof thephysicalpropertiesof
seawater and the processes that shape the ocean environment. This chapter
draws primarily on that work for the description of seawater composition, sa‐
linity, density, and vertical structure.

4.2 Scientific Background

4.2.1 Physical Properties of Seawater

Seawater is a multicomponent electrolyte solution whose thermodynamic
state is determinedby three independentvariables: temperatureT , salinityS,
and pressure p (see the Thermodynamics in Marine Engineering chapter of the
companion volume). The composition of dissolved salts in the open ocean is
remarkably constant in relative proportions, a principle known as Marcet’s
rule or the rule of constant composition. This constancy makes it possible to
characterise the total dissolved salt content by a single parameter—salinity.

The classical definition of salinity due to Knudsen relates it to the chlorin‐
ity Cl via (Dera, 1992, Eq. 2.4.1):

S = 1.805Cl+ 0.030 [‰] (4.1)

ThiswasrefinedbytheJointPanelonOceanographicTablesandStandards
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to (Dera, 1992, Eq. 2.4.3):
S = 1.80655Cl (4.2)

Modern practice replaces chemical chlorinity titration with in situ con‐
ductivity measurements. The Practical Salinity Scale 1978 (PSS‐78) defines
salinity as a dimensionless ratio of conductivities (Dera, 1992, Eq. 2.5.8):

Equation 12.3—Practical salinity (PSS‐78):

S =

5∑
i=0

aiK
i/2
15 (4.3)

whereK15 is the ratio of the in situ conductivity to the conductivity of stand‐
ard KCl solution at 15 ◦C, and the coefficients ai are defined by the UNESCO
polynomial (Dera, 1992, Eqs. 2.5.8–2.5.10). Temperature and pressure correc‐
tions extend this formula to arbitrary conditions. The PSS‐78 system elimin‐
ated the need for chemical analysis and enabled routine CTD (conductivity–
temperature–depth) profiling.

The conductivity of seawater arises from the migration of dissolved ions
under an applied electric field. The ionic drift velocity is v = µEe, where µ is
the ion mobility andEe is the electric field strength, leading to Ohm’s law in
the form (Dera, 1992, Eqs. 2.5.1–2.5.2):

j = γeEe (4.4)

where j is the current density and γe is the specific electrical conductivity,
given by (Dera, 1992, Eq. 2.5.3):

γe = Fa C (µ+ + µ−) (4.5)

with Fa the Faraday constant, C the molar concentration, and µ+, µ− the
cation and anionmobilities respectively.

4.2.2 Temperature and Salinity Distribution

The vertical structure of the ocean is characterised by three principal layers
(Talley et al., 2011). Themixed layer extends from the surface to a depth of ap‐
proximately 20–200m, depending onwind forcing and season, andhas nearly
uniform temperature and salinity due to turbulent mixing. Below themixed
layer lies the thermocline—a zone of rapidly decreasing temperature extending
to approximately 1000mdepth. The deep ocean below the thermocline is cold
(1–4 ◦C) and nearly isothermal (Dera, 1992).

Thevertical stabilityof thewater column—its resistance tooverturning—is
governed by the vertical density gradient. Dera (1992) expressed this through
the Brunt–Väisälä frequency:

Equation 12.6—Brunt–Väisälä frequency:

N2 = −g
ρ

dρ
dz

(4.6)
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Figure 4.1: Vertical ocean structure showing typical temperature and salinity profiles.
The mixed layer (approximately 0–100m) is nearly uniform due to wind‐driven tur‐
bulent mixing. The thermocline (100–1000m) exhibits a rapid temperature decrease
with depth, while the deep ocean below 1000m is cold and nearly isothermal. The sa‐
linity profile shows the corresponding haloclinewhere salinity gradients are largest.

where g is gravitational acceleration, ρ is density, and z is the vertical coordin‐
ate (positive upward). When N2 > 0, the water column is stably stratified;
when N2 < 0, it is unstable and convective overturning occurs (Dera, 1992,
Eq. 1.2.27); for a concise treatment, see (Fischer‐Cripps, 2014). Thepycnocline—
the zone of maximum density gradient—coincides broadly with the thermo‐
cline inmost of the ocean.

4.2.3 Light and Sound in theOcean

The penetration of light into the ocean governs primary productivity, heat ab‐
sorption, and defines the photic zone. The downward irradiance decreases ex‐
ponentially with depth according to (Dera, 1992, Eq. 5.4.16):

E↓(z) = E↓(0) e
−Kdz (4.7)

whereKd is the diffuse attenuation coefficient. The depth atwhich irradiance
falls to 1% of the surface value defines the base of the euphotic zone. For the
clearest open ocean (Jerlov type I), this depth reaches approximately 140m
at the wavelength of maximum transparency (λ ≈ 475nm), while for turbid
coastal waters (type 5) it may be as shallow as 10m (Dera, 1992). A detailed
treatment of the optical properties of seawater is given in Chapter 2.

The speed of sound in the ocean increases with temperature, salinity, and
pressure (Chapter 6). The resulting vertical sound speed profile typically ex‐
hibits a minimum at 400–1200m depth, forming the SOFAR channel that en‐
ables long‐range acoustic propagation (Dera, 1992).
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4.3 Theoretical Framework

4.3.1 Ocean Currents and Circulation

The large‐scale circulation of the ocean is driven by wind stress at the surface
and density differences in the interior (Gill, 1982). Both are modulated by the
Earth’s rotationthroughtheCoriolis effect. TheCoriolis acceleration forafluid
parcelmovingwith velocity v at latitudeφ is (Dera, 1992, Eq. 1.2.31):

Equation 12.8—Coriolis acceleration:

aC = 2ω × v (4.8)

where ω is the angular velocity of the Earth (ω = 7.292 × 10−5 rad s−1). For
horizontalmotion, thedominant vertical component of theCoriolis force acts
perpendicular to the velocity with magnitude f = 2ω sinφ, where f is the
Coriolis parameter (Dera, 1992, Eq. 1.2.33).

The complete equation of motion for ocean water, including the Coriolis
force, pressure gradient, gravity, and friction, is (Dera, 1992, Eq. 1.2.44):

Equation 12.9—Equation ofmotion for oceanwater:

ρ

[
∂v
∂t

+ (v · ∇)v+ 2ω × v
]
= −∇p+ η∇2v+ ρ g+ Fi (4.9)

where η is the dynamic viscosity, ∇p the pressure gradient, ρ g the gravita‐
tional body force, and Fi represents additional external forces (Dera, 1992).
This equation is the oceanic form of the Navier–Stokes equation and is the
starting point for all circulation theory.

Ekman Layer Dynamics

The direct response of the ocean to wind stress occurs within a thin surface
boundary layer known as the Ekman layer (Cushman‐Roisin & Beckers, 2011).
Apel (1988) derives theEkman layer structure fromthe linearised, incompress‐
iblemomentum equationswith constant vertical eddy viscosityAv :

∂u

∂t
− fv = −1

ρ

∂p′

∂x
+
Av

ρ

∂2u

∂z2
(4.10)

∂v

∂t
+ fu = −1

ρ

∂p′

∂y
+
Av

ρ

∂2v

∂z2
(4.11)

where f = 2ω sinφ is the Coriolis parameter, p′ is the perturbation pressure,
andAv is the vertical eddy viscosity (Apel, 1988, Eqs. 6.2–6.3).

In the steady state, the balance between Coriolis force and eddy friction
within the boundary layer yields solutions of the form (Apel, 1988, Eqs. 6.11–
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6.12):

u(z) = ug

[
1− e−z/δE cos

(
z

δE

)]
(4.12)

v(z) = ug e
−z/δE sin

(
z

δE

)
(4.13)

whereug is thegeostrophic interiorvelocityand δE is theEkman layer thickness:
Equation 12.14—Ekman layer thickness:

δE =

√
2Av

f
(4.14)

The velocity vector rotates and attenuates exponentially with depth, tra‐
cing the characteristicEkman spiral: at the surface, thedrift velocity is directed
at approximately 45° to the right of the wind (in the Northern Hemisphere),
and it gradually veers and diminishes until merging with the geostrophic in‐
terior flow at a depth of several δE (Apel, 1988). For typical oceanic values of
Av ≈ 10−2m2 s−1 and mid‐latitude f ≈ 10−4 s−1, the surface Ekman layer
thickness is δE ≈ 20–40m, approximately coinciding with the mixed layer
depth (Apel, 1988).

Figure 4.2: The Ekman spiral in the Northern Hemisphere. Current vectors (blue ar‐
rows) rotate clockwise and decay exponentially with depth, traced at intervals of the
Ekman depth δE =

√
2Av/f (Equation 4.14). The surface current is directed approx‐

imately 45◦ to the right of the wind. The depth‐integrated net Ekman transport (red
arrow) is directed 90◦ to the right of thewind (Equation 4.15).

EkmanTransport

A result of fundamental importance in physical oceanography is the depth‐
integratedmass transport within the Ekman layer. Vertically integrating the
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steady‐statemomentum equations and applying the surface stress boundary
condition yields the Ekman transport per unit width (Apel, 1988, Eqs. 6.22a–b):

Equation 12.15—Ekman transport:

MxE =
τy
f
, MyE = −τx

f
(4.15)

where τx and τy are the components of the surfacewind stress. In vector form,
ME = τ×k̂/f , so that thenetEkmantransport isdirectedat90° to therightof
thewind in theNorthernHemisphere (Apel, 1988). This transport is independ‐
ent of the eddy viscosity and depends only on thewind stress and the Coriolis
parameter—aremarkable resultfirstobtainedbyEkman(1905), ascited inApel
(1988).

The Ekman transport drives surface convergence in the subtropical gyres
(producing downwelling) and surface divergence in equatorial and coastal up‐
welling regions. These convergence and divergence patterns are the essen‐
tial link between the local wind forcing and the basin‐scale circulation (Apel,
1988).

Sverdrup Balance and Interior Transport

The vertical velocity at the base of the Ekman layer, caused by convergence
or divergence of the Ekman transport, drives the interior ocean circulation
through conservation of potential vorticity. Apel (1988) shows that for the in‐
terior of the ocean, removed fromboundary layers, themeridionalmass trans‐
port per unit width is determined solely by the curl of thewind stress:

Equation 12.16— Sverdrup transport:

My =
1

β
(∇× τ )z (4.16)

where β = df/dy = (2ω/RE) cosφ is themeridional gradient of the Coriolis
parameter andRE is the Earth’s radius (Apel, 1988, Eq. 6.80). This is the Sver‐
drup relation: the interior oceanicmeridional transport is established entirely
by the horizontal derivatives of the surface wind stress. In the subtropical
gyres, negative wind stress curl (anticyclonic wind pattern) drives an equat‐
orward (southward, in the Northern Hemisphere) interior flow known as the
Sverdrup transport (Apel, 1988).

Western Boundary Currents

The southward Sverdrup transport must be balanced by a return flow to sat‐
isfymass continuity. This returnflow is concentrated in a narrow, intense cur‐
rentalongthewesternboundaryof theoceanbasin—awesternboundary current
(Apel, 1988). The reason forwestern intensification lies in the requirement for
an overall vorticity balance across the gyre: the frictional dissipation needed
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to close the vorticity budget can only be achieved in a narrow, high‐velocity
boundary layer on thewestern side (Apel, 1988).

The Gulf Stream (North Atlantic), the Kuroshio (North Pacific), the
Agulhas Current (Indian Ocean), and the Brazil Current (South Atlantic) are
prominent examples (Talley et al., 2011). Typical parameters for the Gulf
Stream include a core velocity exceeding 2ms−1, a volume transport of
approximately 60 × 106 m3 s−1, a surface elevation difference of about 1m
across the front, and a characteristic width of approximately 50 km. The
level of nomotion—belowwhich the baroclinic velocity vanishes—is found at
approximately 2000mdepth (Apel, 1988, Table 6.1).

4.3.2 Thermohaline Circulation

While the wind‐driven circulation governs the upper ocean, the deep circu‐
lation is driven by density contrasts arising from differences in temperature
and salinity between water masses formed at different latitudes. Stern (1975)
provides the theoretical framework for understanding how these density dif‐
ferences generatemixing and overturning through the thermohaline convec‐
tion process.

Double Diffusion and Salt Fingers

Themoleculardiffusivitiesofheatandsalt in seawaterarevastlydifferent: the
thermal diffusivity is κT ≈ 1.4 × 10−7m2 s−1, whereas the salt diffusivity is
κS ≈ 1.5 × 10−9m2 s−1, giving a ratio κS/κT ≈ 1/100 (Stern, 1975). This
disparity produces a class of convective instabilities—termed double diffusion—
that are absent in fluidswith a single diffusing quantity (Stern, 1975).

Consider a resting ocean inwhich both temperature and salinity decrease
with depth (Tz > 0, Sz > 0), but the overall density increases downward
(βSz−αTz < 0, whereα is the thermal expansion coefficient andβ thehaline
contraction coefficient), so that thefluid is statically stable. A small parcel dis‐
placed upward will, because κT ≫ κS , rapidly equilibrate its temperature
with the surroundings while retaining its lower salinity. The resulting salin‐
ity deficit makes the parcel buoyant, accelerating it further upward. This is
the salt finger instability (Stern, 1975).

Stern (1975) showed that the critical condition for the onset of the thermo‐
haline instability ina layerofdepthH isgovernedbyamodifiedRayleighnum‐
ber:

Equation 12.21—Thermohaline instability criterion:

gH4

ν

(
βSz

κS
− αTz

κT

)
=

27π4

4
(4.17)

where g is gravitational acceleration and ν is kinematic viscosity (Stern,
1975). For a deep ocean (H large), the instability condition reduces to
βSz/κS > αTz/κT , which requires only that the stabilising salinity gradient
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exceeds a threshold set by the diffusivity ratio—not that the overall density
gradient be destabilising (Stern, 1975).

The characteristic horizontal width of the resulting salt fingers is determ‐
ined by thewavenumber ofmaximumgrowth rate (Stern, 1975):

Equation 12.22— Salt fingerwidth scale:

k−1
max =

(
gαTz − gβSz

ν κT

)−1/4

(4.18)

For typical subtropical thermocline conditions, this yieldsfingerwidthsof
order 1 cm, consistent with laboratory experiments and oceanic microstruc‐
ture observations (Stern, 1975). The flux ratio between heat and salt transpor‐
ted by the fingers approaches αw′T ′/(βw′S′) → 1/2when the density ratio
N = αTz/(βSz) is large (Stern, 1975). This preferential transport of salt relat‐
ive to heat is the mechanism by which double diffusion systematically modi‐
fies the temperature–salinity relationshipof oceanwatermassesoverdecadal
timescales (Stern, 1975).

OceanicMixing Timescale and the Thermocline

Stern (1975) demonstrated that the oceanic mixing timescale is of order dec‐
ades to centuries by a simple scaling argument: a basin of depthH = 1000m
subject to surface evaporation of 1m/yr requires several decades to re‐
establish the observed salinity contrast of ∆S ≈ 1 ‰ between the upper
kilometre and the deep ocean, since∆S/S0 ≈ ∆H/H (Stern, 1975). This is
two to three orders of magnitude longer than the atmospheric mixing time
(approximately two weeks), reflecting the fundamental asymmetry between
oceanic and atmospheric adjustment rates.

Thevertical temperaturestructureof theocean—thethermocline—ismain‐
tained by the balance between downward diffusion of heat and the upwelling
of cold deep water. Stern (1975) analysed the thermocline scaling for a differ‐
entially heated basin (warmat one end, cold at the other) and showed that the
thermocline depth h scaleswith the Rayleigh number:

Equation 12.23—Thermocline Rayleigh number:

Ra =
g α∆T L3

κT ν
(4.19)

where ∆T is the horizontal temperature difference and L is the basin
width (Stern, 1975). In the high‐Rayleigh‐number regime appropriate to the
ocean (Ra ≫ 1), the thermocline depth becomes a small fraction of the
total depth, with cold water filling the abyss beneath a thin warm surface
layer—precisely the three‐layer vertical structure (mixed layer, thermocline,
deep ocean) described in Section 4.2.2 (Stern, 1975).
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Conservation of Potential Vorticity and the Sverdrup Interior

The theoretical connection between wind forcing and interior ocean circula‐
tion rests on the conservation of potential vorticity. Stern (1975) derived the
Sverdrup relation by showing that the downward Ekman suction velocitywe

caused by wind stress curl compresses the water column beneath the turbu‐
lent boundary layer. Conservation of potential vorticity requires that this
compression be compensated by an equatorward movement of the column
(towards decreasing f ), yielding (Stern, 1975):

Equation 12.24— Sverdrup transport (detailed form):

v h = −f
β

∂

∂y

(
τ

f

)
= −β−1 ∂τ

∂y
+
τ

f
(4.20)

where v is the meridional velocity beneath the Ekman layer, h is the upper‐
layer thickness, τ(y) is the zonal wind stress, and β = df/dy (Stern, 1975).
This result decomposes the total meridional transport into the Sverdrup in‐
terior component and the Ekman component (cf. Equation 4.15), confirming
that the basin‐scale circulation is set by the curl of the wind stress, with the
return flow concentrated in an intensewestern boundary current required by
vorticity balance (Cushman‐Roisin & Beckers, 2011; Stern, 1975).

4.3.3 Tidal Physics

Tides are the periodic rise and fall of sea level caused by the gravitational at‐
tractionof theMoonandSunon theEarth’s ocean. Thephysics of tidal forcing
wasplaced on a rigorousmathematical foundation through the concept of the
tide‐generating potential.

Tide‐Generating Potential

Apel (1988) derives the tidal potential by resolving the gravitational and cent‐
rifugal forces acting on a unit mass of ocean water at the Earth’s surface. At a
pointP with spherical coordinates (r, θ, ϕ), the tidal potential due to an astro‐
nomical body j (Moon or Sun) at distanceRj from the Earth’s centre is (Apel,
1988, Eq. 5.123):

Equation 12.17—Tide‐generating potential:

Φtj(r, γ) = Φ0j

(
r

Rj

)2
1

2

(
3 cos2 γ − 1

)
(4.21)

whereΦ0j = −Gmj/Rj is themeangeopotential at distanceRj ,G is thegrav‐
itational constant, mj is the mass of the attracting body, and γ is the angle
between the directions from the Earth’s centre to the point P and to the as‐
tronomical body (Apel, 1988). The ratio of the lunar to solar tidal forcing is
Φ0mRs/(Φ0sRm) ≈ 2.18, confirming the Moon’s dominant role in tide gen‐
eration (Apel, 1988).
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Tidal Species and Constituents

Byexpressingcos γ in termsof thedeclinationandhourangleof theastronom‐
ical body, the tidal potential separates into threedistinct frequencygroupings
called tidal species (Apel, 1988, Eq. 5.125):

• Semidiurnal (ν = 2): oscillationswithperiodsnear12h,witha latitude
factor sin2 θ, maximumat the equator.

• Diurnal (ν = 1): oscillations with periods near 24h, with a latitude
factor sin 2θ, maximumat θ = 45°.

• Long‐period (ν = 0): oscillations at fortnightly to annual periods from
variations in the lunar and solar declinations.

The frequency of any tidal constituent can be expressed as a linear com‐
bination of six fundamental astronomical frequencies using theDoodson num‐
bersnd (Apel, 1988, Eq. 5.126):

ωi = n1ωl + n2ωm + n3ωy + n4ωp + n5ωn + n6ωp′ (4.22)

where ωl, ωm, ωy correspond to the lunar day, lunar sidereal month, and trop‐
ical year, respectively, and ωp, ωn, ωp′ arise from orbital variations with peri‐
odsof8.84,18.6, and20,940years (Apel, 1988). Upto400distinct tidal constitu‐
ents have been identified, but the dominant ones are few. The principal lunar
semidiurnal constituentM2 has a period of 12.421h and an equilibrium amp‐
litude of 0.242m; the principal solar semidiurnal constituent S2 has a period
of 12.000h and an equilibrium amplitude of 0.113m (Apel, 1988, Table 5.1).

Spring andNeap Tides

When the Moon and Sun are aligned (new and full Moon), their tidal forces
add constructively, producing the larger spring tides. When they are at right
angles (first and third quarter), the forces partially cancel, producing the smal‐
ler neap tides. The ratio of spring to neap tidal range is approximately (AM2

+
AS2)/(AM2 −AS2) ≈ 2.7 (Apel, 1988).

Dynamic Tide Theory

The equilibrium theory assumes the ocean response is instantaneous
and global, but the actual ocean tides are governed by the shallow‐water
hydrodynamic equations forced by the tidal potential. Apel (1988) writes
the linearised tidal equations in spherical coordinates as a forced shallow‐
water system (Apel, 1988, Eqs. 5.128–5.130), where the shallow‐water phase
speed ch =

√
gH (H being the ocean depth) limits the speed of tidal wave

propagation to approximately 220ms−1—slower than the∼330ms−1 speed
at which the tidal forcingmoves atmid‐latitudes (Apel, 1988). Thismismatch
between forcing speed and natural wave speed means the oceanic tides
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cannot follow the equilibrium prediction; instead, the response is organised
around amphidromic points—nodes where the tidal amplitude is zero and
around which the co‐phase lines rotate. Each tidal constituent produces its
own amphidromic system (Apel, 1988).

Local amplification of tides occurs when basin geometries produce near‐
resonant conditions. The Bay of Fundy (Canada), for example, has a natural
oscillationperiod close to theM2 semidiurnal period, resulting in tidal ranges
exceeding10m. FrobisherBayonBaffinIslandexhibits similar resonantamp‐
lification (Apel, 1988).

Figure 4.3: Spring–neap tidal cycle generated by the superposition of the principal
lunar (M2, period 12.421h) and solar (S2, period 12.000h) semidiurnal constituents
(Equation 4.21). Spring tides (maximum range) occur when the Moon and Sun are
aligned; neap tides (minimumrange) occur at quadrature. Thedashedenvelope shows
the fortnightlymodulation period of approximately 14.8 days.

4.3.4 Tidal Currents and Streams

The periodic rise and fall of tidal water levels (Section 4.3.3) is accompanied
by horizontal water movements—tidal currents—whose spatial and temporal
patterns depend on the local geometry of the coastline and seabed. Two
fundamental types of tidal current are distinguished (National Geospatial‐
Intelligence Agency, 2019).

Reversing currents occur in confined waterways (straits, estuaries, harbour
approaches) where the flood and ebb streams are constrained to flow along
the channel axis, reversing direction approximately every half tidal period.
The current speed varies approximately sinusoidally between zero (slack wa‐
ter) and a maximum that depends on the tidal range and the cross‐sectional
geometry of the channel. In such settings, the times of slack water and
maximumcurrent are the critical navigational data, because a vessel entering
a narrow channel against a strong tidal stream may be unable to maintain
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steerage way or may experience excessive fuel consumption (National
Geospatial‐Intelligence Agency, 2019).

Rotary currents occur in open water where there are no lateral boundaries
toconstrain theflowdirection. Thecurrentvector rotates throughall compass
directions over a full tidal cycle, tracing an approximately elliptical path (the
current ellipse). In theNorthernHemisphere, therotationis typicallyclockwise
for thesemidiurnal constituents (Apel, 1988). Theshapeandorientationof the
current ellipse depend on the relativemagnitudes and phases of the tidal con‐
stituents, and the ellipse degenerates into a line (reversing current)when one
constituent dominates in a laterally confined geometry (National Geospatial‐
Intelligence Agency, 2019).

Tidal current predictions are published byhydrographic authorities in the
formof tidal streamatlasesand tidal diamondsonnavigational charts. A tidaldia‐
mond is a reference station atwhich the direction and rate of the tidal current
are tabulated foreachhour relative to the timeofhighwaterata referenceport.
The navigator uses these tables in conjunctionwith the tide table predictions
(Section 4.4.2) to estimate the set and drift of the current at any time during
the tidal cycle, enabling computation of the course to steer and the estimated
time of arrival (National Geospatial‐Intelligence Agency, 2019).

4.3.5 Geostrophic Currents and Sea Surface Topography

In the ocean interior, away from the Ekman boundary layers, the dominant
balance in the horizontalmomentum equations is between the Coriolis force
andthepressuregradient force. This is thegeostrophic balance, identical inprin‐
ciple to theatmospheric case (Chapter3) (Gill, 1982). Apel (1988) showsthat the
geostrophic velocity components are:

ug = − 1

ρf

∂p

∂y
= − g

f

∂ζ

∂y
(4.23)

vg =
1

ρf

∂p

∂x
=

g

f

∂ζ

∂x
(4.24)

where ζ is the sea surface elevation (Apel, 1988, Eqs. 3.85–3.86). The sea sur‐
face is not exactly level; it has a topography—called the dynamic topography—
maintainedbythewind‐drivenandthermohalinecirculation. Theslopeof the
dynamic topography is directly proportional to the surface geostrophic cur‐
rent velocity.

For theGulf Stream, the sea surface elevation difference across the current
front is approximately ζ0 ≈ 1m over a transverse scale of ℓ ≈ 50 km, giv‐
ing a surface slope of order 10−5 (Apel, 1988, Table 6.1). This slope, though
minute, sustains the intense western boundary current through geostrophic
balance. Below the surface, the velocity is inferred from the slope of isopycnal
(constant density) surfaces relative to isobars—the dynamic method—which re‐
mainsa standard technique fordetermininggeostrophic currentprofiles. Typ‐
ical subsurface isopycnal slopes in theGulf Streamare of order 5× 10−3 (Apel,
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1988). Satellite altimetry now provides direct measurements of the absolute
dynamic topography with centimetre‐level precision, enabling global monit‐
oring of geostrophic surface currents.

4.3.6 Upwelling andDownwelling

The convergence and divergence of Ekman transport (Equation 4.15) directly
produce verticalmotions in thewater column. Apel (1988) describes two prin‐
cipalmechanisms:

Coastal upwelling occurs when wind blows parallel to a coastline with
the coast on the left (in the Northern Hemisphere). The Ekman transport is
directed offshore, and mass conservation requires cold, nutrient‐rich subsur‐
face water to rise and replace the water transported away. This mechanism
is responsible for the major eastern boundary upwelling systems (California,
Peru/Chile, Canary, Benguela), which support some of the world’s most pro‐
ductive fisheries (Apel, 1988).

Ekmanpumping is the vertical velocity induced at the base of the Ekman
layer by spatial gradients in the wind stress. In the subtropical gyres, the
anticyclonic wind pattern produces Ekman convergence and downwelling
(Ekman pumping into the ocean interior), which depresses the thermocline
and creates the warm, deep lens of water characteristic of the gyre centres.
Conversely, cyclonic wind stress curl in the subpolar gyres produces Ekman
suction (upwelling) (Apel, 1988). The vertical Ekman pumping velocity wE at
the base of the surface Ekman layer is given by the divergence of the Ekman
transport (Apel, 1988):

Equation 12.25—Ekman pumping velocity:

wE =
1

ρ
∇×

(
τ

f

)
≈ 1

ρf
(∇× τ )z (4.25)

where the approximation holds when β‐effects on the Ekman transport are
neglected. This Ekmanpumping velocity links the surfacewind forcing to the
interior Sverdrup transport (Equation4.16) and is the fundamental dynamical
connection between atmospheric forcing and oceanic circulation (Apel, 1988).

4.4 Applications inMaritime Systems

4.4.1 Ocean Currents and Ship Routing

The western boundary currents described in Section 4.3.1—the Gulf Stream,
Kuroshio, Agulhas, andBrazil currents—represent themost energetic features
of the surface ocean circulation and have direct consequences for ship rout‐
ing. A vessel sailing from the eastern seaboard of the United States to Europe
can gain a speed advantage of 1–2ms−1 by ridingwithin theGulf Stream core,
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whereas awestbound crossingmust route south of the stream to avoid oppos‐
ing currents exceeding 2ms−1 (Apel, 1988).

The Sverdrup transport theory (Equation 4.16) and the geostrophic
balance (Equations 4.23–4.24) provide the physical basis for these current
patterns. In practice, operational ship routing services combine satellite alti‐
metry (from which geostrophic surface currents are derived via the dynamic
topography slope), global ocean circulation forecasts, and weather routing
algorithms to select the minimum‐time or minimum‐fuel track. National
Geospatial‐Intelligence Agency (2019) emphasises that knowledge of major
ocean current systems determines effective voyage planning: favourable
currents reduce transit time and fuel consumption,whereas adverse currents
increase both. This principle extends to the equatorial current systems—the
North and South Equatorial Currents (westward) and the Equatorial Coun‐
tercurrent (eastward)—which affect trans‐Pacific and trans‐Indian‐Ocean
routing (Talley et al., 2011).

The Ekman transport (Equation 4.15) also has operational relevance
in coastal navigation: alongshore winds drive surface water offshore (or
onshore), and the navigator must account for the resulting set whenmaking
coastal passages. In upwelling regions (Section 4.3.6), the offshore Ekman
transport is accompanied by cold, nutrient‐rich water at the surface, which
can be detected by sea surface temperature measurements and serves as an
indicator of the current regime (Apel, 1988).

4.4.2 Tidal Navigation

The prediction of tides at any location and time is achieved by harmonic
analysis: the observed tidal record is decomposed into a sum of sinusoidal
constituents (each characterised by a known astronomical frequency, Equa‐
tion 4.22) with empirically determined amplitudes and phases. The predicted
tide height at time t is then (Apel, 1988):

ζ(t) = Z0 +

N∑
n=1

An cos
(
ωn t− ϕn

)
(4.26)

whereZ0 is themeanwater level,An andϕn aretheamplitudeandphaseof the
nth constituent, and ωn is its angular frequency determined from the Dood‐
son classification (Apel, 1988). This harmonic method, with typically 30–60
constituents, forms the basis of the published tide tables issued bynational hy‐
drographic offices (National Geospatial‐Intelligence Agency, 2019).

The navigator uses tide table predictions to compute the under‐keel clear‐
ance (UKC)—the vertical distance between the vessel’s keel and the seabed—at
all points along the intended route. The predicted water depth at time t is
the sum of the charted depth (referenced to chart datum, usually the lowest
astronomical tide, LAT) and the tidal height ζ(t). The UKC is then (National
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Geospatial‐Intelligence Agency, 2019):

UKC = dchart + ζ(t)− Tship

where dchart is the charted depth and Tship is the static draft of the vessel,
corrected for squat (speed‐dependent sinkage), heel, and density effects (Sec‐
tion 4.4.3). Port authorities specify minimum UKC requirements, typically
10–15% of the vessel’s draft for deep‐draught vessels, and entry into shallow‐
water ports is restricted to tidal windows—periods when the predicted tide
provides sufficient depth for safe passage (National Geospatial‐Intelligence
Agency, 2019).

The accuracy of harmonic tide predictions is limited by meteorological
effects (storm surge, atmospheric pressure anomalies) and river discharge,
which can cause the observed water level to deviate from the predicted
astronomical tide by 0.5–2m during extreme weather events. Real‐time tide
gauge data and weather surge forecasts are therefore used to supplement
the harmonic predictions for critical port approach operations (National
Geospatial‐Intelligence Agency, 2019).

4.4.3 Density Effects on ShipDraft and Stability

The density of seawater varies with temperature, salinity, and pressure (see
the Thermodynamics in Marine Engineering chapter of the companion volume),
and this variation has direct operational significance for ships. When a ves‐
sel transits from oceanic water (S ≈ 35‰, ρ ≈ 1025 kgm−3) to fresh wa‐
ter (ρ ≈ 1000 kgm−3), the reduction in buoyancy causes an increase in draft
known as the fresh water allowance. The EOS‐80 equation of state, derived in
the companion volume, provides the quantitative basis for computing this ef‐
fect.

Conversely, in hypersaline environments (e.g. the Suez Canal, the Red Sea,
or tropical ports), seawater densitymayexceed1030 kgm−3, reducing theves‐
sel’s draft. Accurate density data from CTD measurements and the Practical
SalinityScale (Equation4.3) areessential for computingunder‐keel clearances
(Dera, 1992).

4.4.4 Ice Physics and PolarNavigation

Sea ice forms when the surface temperature of the ocean falls to the freezing
point, which for seawater of salinity 35‰ is approximately−1.8 ◦C (Cornish
& Ives, 2009). The formation process begins with frazil ice—small needle‐like
crystals suspended in the water column—which coalesce into grease ice (a
soupy layer) and then into pancake ice (circular discs 0.3m to 3m in diameter
with raised rims formed by collisions). Under calm conditions, pancakes
freeze together into nilas—a thin, elastic sheet that bends with the swell. Con‐
tinued growth thickens the ice into young ice (10 cm to 30 cm) and eventually
first‐year ice (>30 cm) (Cornish & Ives, 2009).
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Fast ice is sea ice that has frozen to the coast or between grounded icebergs;
it does not move with the wind or currents. Pack ice consists of floating ice
drivenbywindandocean currents; its concentration is expressed as a fraction
of theseasurface (tenths),with10/10 indicatingcompletecoverage (Cornish&
Ives, 2009). Multi‐year ice that has survived at least one summermelt season
is harder, less saline (as brine pockets gradually drain), and has a distinctive
blue hue. It presents a greater hazard to navigation than first‐year ice due to
its greater strength (Cornish & Ives, 2009).

For vessels navigating in ice, the compressive strength of sea ice (of
order 0.5MPa to 5MPa depending on temperature, salinity, and crystal
structure) determines the resistance experienced by the hull and the ice
loads on the ship’s structure. Classification society ice class notations
(e.g. Finnish–Swedish Ice Classes, IACS Polar Class) specify the minimum
structural scantlings and engine power required for operation in various ice
conditions (Cornish & Ives, 2009).

4.5 Discussion

The physical oceanographic framework presented in this chapter highlights
the central role of the three state variables—temperature, salinity, and
pressure—in determining the behaviour of the ocean. Through the equation
of state (Chapter 8), these variables control density, which in turn governs
vertical stability (Equation 4.6), circulation (Equation 4.9), light penetration
(Equation 4.7), and sound propagation (Chapter 14). The salinity measure‐
ment system has evolved from chemical titration (Equations 4.1–4.2) to the
conductivity‐based PSS‐78 (Equation 4.3), enabling routine high‐resolution
profiling.

The Ekman layer theory (Apel, 1988) provides the essential dynamical link
betweenatmospheric forcing andoceanic response. The result that thedepth‐
integrated Ekman transport is directed at 90° to the wind (Equation 4.15) and
is independent of the eddy viscosity is both elegant and practically powerful:
itmeans the netwind‐driven transport can be computed fromwind stress ob‐
servations alone, without requiring knowledge of the turbulent mixing pro‐
cesses within the boundary layer. The Sverdrup relation (Equation 4.16) ex‐
tends this insight to theocean interior, showing that themeridional transport
is determined entirely by thewind stress curl. Together, Ekman transport and
Sverdrup balance constitute the basis of wind‐driven circulation theory.

The tidal physics framework (Apel, 1988) demonstrates that the oceanic
tides are far more complex than the simple bulge model of equilibrium the‐
ory. The expansionof the tide‐generatingpotential intohundreds of constitu‐
ents (Equation4.22), the formationofamphidromicsystems, andthe resonant
amplification of tides in semi‐enclosed basins all illustrate the rich dynamics
that arise when a periodic forcing function acts on a bounded, rotating, strati‐
fied fluid.
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The thermohaline convection theory of Stern (1975) completes the circu‐
lation framework by explaining the physics of deep ocean mixing. While
the Ekman–Sverdrup theory (Equations 4.14–4.16) governs the wind‐driven
upper circulation, it is the double‐diffusive instability (Equation 4.17) that
drives the slow vertical mixing of heat and salt through the thermocline. The
salt finger mechanism—arising from the hundredfold difference between
thermal and haline diffusivities—demonstrates that a statically stable water
column can nevertheless be convectively unstable, a result with no analogue
in single‐componentfluids. The thermocline scaling (Equation4.19) connects
the observed vertical temperature structure to the basin‐scale Rayleigh
number, providing a first‐principles explanation for why the deep ocean is
cold and nearly isothermal while the warm layer is confined to the upper few
hundred metres. The derivation of the Sverdrup relation from potential vor‐
ticity conservation (Equation 4.20) connects the wind‐forced Ekman layer to
the geostrophic interior, completing the theoretical chain from atmospheric
forcing to basin‐scale circulation (Stern, 1975).

The observational framework underpinning physical oceanography has
expanded significantly beyond the ship‐based hydrographic surveys that
produced the classical water mass descriptions. Talley et al. (2011) describe
how the modern ocean observing system combines satellite remote sensing
(altimetry for sea surface height, scatterometry for wind stress, radiometry
for sea surface temperature and salinity), autonomous profiling floats (the
Argo array, providing temperature and salinity profiles to 2000m depth
across the global ocean), and moored and drifting buoys. These observation
systems provide the spatial and temporal coverage needed to validate the
Ekman–Sverdrup circulation theory (Equations 4.14–4.16) and tomonitor the
thermohaline circulation at basin scales (Talley et al., 2011).

The sea ice formation sequence described by Cornish and Ives (2009)—
from frazil through grease, pancake, nilas, and first‐year ice to multi‐year
pack—demonstrates how the thermodynamics of phase change, the salinity‐
dependent freezing point (see the Thermodynamics in Marine Engineering
chapter of the companion volume), and the mechanical forcing of wind and
waves together govern the ice environment that polar‐navigating vessels en‐
counter. The compressive strength of sea ice introduces a structural loading
regime entirely absent from temperate‐water operations, requiring specific
ice class structural reinforcement and propulsion power.

4.6 Conclusion

The ocean’s physical behaviour is governed by the interplay of three state
variables—temperature, salinity, and pressure—through the equation of state
(see the Thermodynamics in Marine Engineering chapter of the companion
volume). Salinity, operationally defined by the conductivity‐based Practical
Salinity Scale 1978 (Equation 4.3), replaces the older chemical chlorinity
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method (Dera, 1992). The Brunt–Väisälä frequency N2 = −(g/ρ) dρ/dz
(Equation 4.6) measures the vertical stability of the water column, while the
three‐layer vertical structure—mixed layer, thermocline, and deep ocean—is
maintained by the competition between wind‐driven turbulent mixing and
the thermocline‐scale Rayleigh‐number balance (Equation 4.19) (Dera, 1992;
Stern, 1975). The thermohaline instability criterion (Equation 4.17) demon‐
strates that a statically stable column can be convectively unstable when
βSz/κS > αTz/κT , producing salt fingers of centimetre‐scale width (Equa‐
tion 4.18) that drive the slow vertical mixing on decadal timescales (Stern,
1975).

Wind‐driven circulation rests on the Ekman–Sverdrup framework: the
Ekman spiral (Equations 4.12–4.13) describes the rotation and exponential de‐
cay of currentwith depthwithin a boundary layer of thickness δE =

√
2Av/f

(Equation 4.14), and the depth‐integrated Ekman transport is directed 90◦

to the right of the wind in the Northern Hemisphere (Equation 4.15) (Apel,
1988). The Sverdrup relationMy = (1/β)(∇× τ )z (Equation 4.16) establishes
that interior meridional transport is determined entirely by the wind stress
curl, with the return flow concentrated in intensewestern boundary currents
(Gulf Stream, Kuroshio) required by vorticity balance (Apel, 1988; Stern,
1975). Tidal dynamics add a periodic forcing described by the tide‐generating
potential (Equation 4.21), whose expansion into hundreds of constituents
(Equation 4.22) produces the observed amphidromic systems and the spring–
neap modulation governed by the dominant M2 and S2 harmonics (Apel,
1988). The geostrophic balance (Equations 4.23–4.24) relates sea surface slope
to current velocity, while operational consequences—fresh water allowance,
under‐keel clearance, and the ice formation sequence from frazil through
multi‐year pack (Cornish & Ives, 2009)—translate the underlying physics into
directmaritime significance.
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Chapter 5

StructuralMechanics of Ships

5.1 Introduction

The structural integrity of a marine vessel governs its safety, performance,
and longevity. Every structural component—hull plating, frames, bulkheads,
decks, and masts—must withstand the forces imposed by the sea, cargo,
propulsion system, and environmental loads (Hughes & Paik, 2010).
A fundamental example of structural analysis in a maritime context is the
bending of a mast under wind loading. Bejan et al. (2020) analysed this
problem as a beam in pure bending, demonstrating how the aerodynamic
force on the sail translates into structural requirements for themast diameter
andmaterial strength.

5.2 Scientific Background

5.2.1 Fundamentals of Stress and Strain

The elastic behaviour of structuralmaterials is governedbyHooke’s law, which
states that the restoring force exerted by a deformedmaterial is proportional
to its displacement from the equilibrium (unstressed) configuration. Camp‐
bell (2025) writes Hooke’s law as (for a conceptual introduction, see also (He‐
witt et al., 2012)):

Equation 13.7—Hooke’s law:

Fsp = −k (∆x) (5.1)

where k is the spring constant (stiffness) of the material in Nm−1 and∆x is
the displacement from the natural (unloaded) length (Campbell, 2025). The
negative sign indicates a restoring force: the material resists both extension
and compression.

Forasolidstructural elementof cross‐sectionalareaAand lengthL, Camp‐
bell (2025) relates thespringconstant tothe intrinsicmaterialpropertyYoung’s
modulus Y :
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Equation 13.8—Young’smodulus:

Y =
k L

A
(5.2)

so that k = Y A/L (Campbell, 2025). Substituting into Equation (5.1) and di‐
viding both sides byA yields the engineering stress–strain relationship:

σ = Y ε

where σ = F/A is the normal stress and ε = ∆x/L is the engineering strain.
This linear relationshipholdswithin theelastic region; beyond theyieldpoint
thematerial deformsplastically, andHooke’s lawno longer applies (Campbell,
2025).

For shipbuilding steel (Y ≈ 200GPa), even moderate stresses produce
very small strains: a stress of 200MPa (typical yield strength) corresponds to
a strain of only 0.1%. This justifies the small‐displacement assumption used
in linear structural analysis.

Russell et al. (2015) extend this framework to the three fundamental types
of stress encountered in marine structures. Direct stress (tensile or compress‐
ive) acts normal to the cross‐section, as described above. Shear stress τ = F/A
acts tangentiallywhen theapplied force is parallel to the cross‐section; in ship
structures, shear forces arise from the distribution of weight and buoyancy
along the hull (Section 5.3.2). Torsional shear stress arises when a torque is ap‐
plied to a shaft or structural member, producing a shear stress that varies lin‐
early fromzero at the centre to amaximumat the outer surface. For a solid cir‐
cular shaftof radiusr subjected toa torqueT , the relationshipbetweentorque,
shear stress τ , and angle of twist θ is given by (Russell et al., 2015):

T

J
=
τ

r
=
Gθ

l

where J = πd4/32 is the polar secondmoment of area,G is the shear modu‐
lus (modulus of rigidity), and l is the shaft length (Russell et al., 2015). This tor‐
sionequation is directly applicable to thedesignof propeller shafts,where the
shaft must transmit the full engine torque from the gearbox to the propeller
without exceeding the permissible shear stress of thematerial.

5.2.2 Material Properties of ShipbuildingMaterials

Bejan et al. (2020) introduced the concept of allowable stress σ as the govern‐
ingmaterial property for structural design. In their mast bending analysis, σ
represents the maximum permissible tensile and compressive stress in the
mastmaterial. Akeyevolutionary insight is that strongermaterials (higherσ)
permit more slender structural elements, which reduce weight and improve
performance.

The principal shipbuildingmaterials aremild steel, high‐tensile steel, alu‐
minium alloys, and fibre‐reinforced composites. Rawson and Tupper (2001)
provide the followingmechanical properties relevant to structural design:
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• Mild steel (Lloyd’s Grade A): yield stress σy = 235MPa, Young’s mod‐
ulus E = 200GPa, density ρ = 7850 kgm−3. The standard material
formerchant vessel construction; the permissible bending stress under
IACS rules is 175MPa (Rawson& Tupper, 2001).

• High‐tensile steel (e.g. AH32, AH36): yield stress σy = 315MPa–
355MPa. Used inhighly stressed regions (deck, bottomshell amidships)
to reduce plate thickness and structural weight, with a corresponding
reduction in deadweight capacity penalty (Rawson& Tupper, 2001).

• Aluminium alloy (marine grade 5083): yield stress σy ≈ 125MPa,E ≈
70GPa, ρ ≈ 2700 kgm−3. The density is one‐third that of steel, but
the lower modulus means that aluminium structures must be propor‐
tionally stiffer (deeper sections) to achieve the same bending rigidity.
Usedprimarily for superstructures andhigh‐speed craft (Molland, 2008;
Rawson& Tupper, 2001).

The choice of material is governed by the specific strength ratio σy/ρ:
high‐tensile steel offers the best strength‐to‐weight ratio among ferrous
materials, while aluminium and composites become advantageous when
total structural weight is the dominant design driver (Rawson & Tupper,
2001).

Figure5.1: Engineering stress–strain curves for the threeprincipal shipbuildingmater‐
ials. Mild steel (Grade A, σy = 235MPa) and high‐tensile steel (AH36, σy = 355MPa)
share the same Young’s modulus (E = 200GPa) but differ in yield strength. Marine‐
grade aluminium 5083 (σy ≈ 125MPa,E ≈ 70GPa) has one‐third the density of steel,
making it advantageous for superstructures and high‐speed craft despite its lower
modulus (Rawson& Tupper, 2001).
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5.2.3 BeamTheory and Bending

Bejan et al. (2020) modelled the mast of a sailing vessel as a slender elastic
beam (slendernessH/d > 50, whereH is height and d is diameter) subjected
to a transverse force at its tip. This is a classical beambending problem.

Themast receives the horizontal aerodynamic forceFa from the sail at its
top. The maximum bending moment occurs at the base of the mast and has
an order ofmagnitude:

Equation 13.1—Maximumbendingmoment atmast base:

Mmax ∼ Fa ·H (5.3)

This moment is balanced by the internal stress distribution in the mast
cross‐section. The bending creates tension on the forward (convex) side and
compression on the aft (concave) side. The bending couple in the circular
cross‐section has an order ofmagnitude:

Equation 13.2—Resistingmoment frommaterial stress:

Mresist ∼ σ · d2 · d = σ d3 (5.4)

where σ d2 represents the forces of the couple (tensile and compressive, both
aligned with the mast axis) and d is the arm of the couple (transverse to the
mast). The rotational equilibrium condition requires:

Equation 13.3— Structural equilibrium:

Fa ·H ∼ σ d3 (5.5)

Substituting the aerodynamic drag force derived in theMarine Propulsion
Physics chapter of the companion volume yields the relationship between
mast diameter, height,material strength, and loading:

Equation 13.4—Mast diameter from structural equilibrium:

d3

H
∼ ρa V

2
a L

σ
(5.6)

which, combinedwith theoptimal sail proportionH ∼ L, gives themast slen‐
derness ratio (Bejan et al., 2020):

Equation 13.5—Mast slenderness ratio:

d

H
∼
(
ρa V

2
a

σ

)1/3(
Va
Vw

)2/3

(5.7)

This single formula, Equation 5.7, governs the evolutionary design of the
mast structure. It encapsulates three physical effects (Bejan et al., 2020):

1. Material strength effect: A strongermaterial (larger σ) permits amore
slendermast (smaller d/H).
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2. Wind loading effect: Higher wind speeds (larger Va) require a thicker
mast (larger d/H).

3. Performance coupling: A thinnermast reduces deadweight, decreases
the submerged hull volume, reduces hull friction, and increases boat
speed.

5.3 Theoretical Framework

5.3.1 Hull Girder Bending

Thehull of a ship functions as a girder subjected to vertical bendingmoments
arising fromthedistributionofweight andbuoyancyalong its length (Hughes
& Paik, 2010; Lewis, 1988). When the wave crest is amidships (hogging), the
deck is in tension and the bottom in compression; when the wave trough is
amidships (sagging), the loading reverses. Theultimate strengthof this girder
determines the vessel’s ability to survive extremewave loads.

Guedes Soares and Santos (2015) present experimental and analytical res‐
ultsonhullgirderbending. Inaseriesof four‐pointbendingtestsonboxgirder
specimens, a model designated M3‐150 (cross‐section 800 × 600mm, frame
spacing 400mm,plate thickness 1.5mm)was tested to collapse. Theultimate
bendingmomentwasmeasuredat170 kNm, corresponding to a collapse load
of 328 kN (Guedes Soares & Santos, 2015).

The structural tangent modulus in the post‐yield region was approxim‐
ately 240MNm2, indicating significant stiffness degradation as the plating
entered thepost‐buckling regime. Theeffective column lengthof the stiffened
panels between frames was found to be 460mm, approximately 15% greater
than the frame spacing, reflecting the partial rotational restraint provided by
the transverse frames (Guedes Soares & Santos, 2015).

For the assessment of damaged hull girders, Guedes Soares and San‐
tos (2015) describe the application of the Smith method, in which the
cross‐section is discretized into plate–stiffener elements, each assigned a
load–shortening curve. The ultimate moment is determined incrementally
byapplyingcurvature instepsandsumming thecontributionsof all elements.
This progressive collapse methodology was applied to AFRAMAX tanker
damage scenarios, providing residual strength estimates for use in structural
safety assessment (Guedes Soares & Santos, 2015).

5.3.2 Shear Force and BendingMomentDistribution

Attwood (1917) established the classical procedure for determining the longit‐
udinalbending loadsonashiphull. Thehull is treatedasanon‐uniformbeam,
and the curve of loads along its length is obtained as the difference between
the buoyancy distribution and theweight distribution at each station. Where
thebuoyancy exceeds theweight, the ordinate is positive (upward); where the
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weight exceeds the buoyancy, the ordinate is negative. The sections at which
these two curves intersect are termedwater‐borne sections (Attwood, 1917).

The shearing forceat anysection is the running integral of the curveof loads
fromone end of the vessel:

SF(x) =
∫ x

0

q(ξ) dξ

where q(x) is the net load intensity (buoyancyminus weight per unit length)
at stationx. Thebendingmomentat anysection is, in turn, the running integral
of the shearing force curve (Attwood, 1917):

BM(x) =

∫ x

0

SF(ξ) dξ

Both the shearing force and the bending moment must return to zero at the
ends of the vessel, providing an effective check on the accuracy of the calcula‐
tion. The maximum bending moment typically occurs near the midship sec‐
tion (Attwood, 1917).

Two extreme loading conditions are considered for design purposes (At‐
twood, 1917):

1. Hogging: The wave crest is amidships. There is an excess of buoyancy
amidships and an excess of weight at the ends. The deck is in tension
and the bottom in compression.

2. Sagging: The wave trough is amidships. There is an excess of weight
amidships and an excess of buoyancy at the ends. The deck is in com‐
pression and the bottom in tension.

The wave used for these calculations is assumed to have a trochoidal profile
with lengthequal to theship lengthandheight takenasa fractionof the length
(commonlyL/20) (Attwood, 1917).

Bending Stress in theHull Girder

Thestress at anypoint in theship’s cross‐section isdetermined fromthebeam
bending formula (Attwood, 1917):

Equation 13.9—Beambending formula:

f

y
=
M

I
(5.8)

wheref is the stress at adistancey fromtheneutral axis,M is thebendingmo‐
ment at the section, and I is the second moment of area (moment of inertia)
of the cross‐section about its neutral axis (Attwood, 1917); for a concise treat‐
ment, see (Fischer‐Cripps, 2014). This formula connects the external loading
(M , fromtheshearing forceandbendingmomentcurves) to the internal stress
(f ), and is the fundamental design equation for the hull girder.
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Figure5.2:Hullgirder load, shear force, andbendingmomentdistributions for thehog‐
ging and sagging conditions. The net load curve (top panel) is the difference between
the buoyancy and weight distributions along the ship’s length. Integration yields the
shear force (middle) andbendingmoment (bottom)curves; themaximumbendingmo‐
ment occurs near amidships in both cases. In hogging (wave crest amidships) the deck
is in tension; in sagging (wave trough amidships) the deck is in compression (Attwood,
1917).

The neutral axis passes through the centroid of the cross‐section, and
material disposed far from the neutral axis contributes most to the section’s
bending resistance. Attwood (1917) illustrated this with four beams of
identical cross‐sectional area (103 cm2 (16 in2)) but different depth‐to‐width
ratios: the bending resistances compared as 1 : 2 : 4 : 6 2

3 , demonstrating that
deep sections with flanges (analogous to ship decks and bottom plating) are
farmore effective than shallow, wide sections (Attwood, 1917).

Foster King's Approximation

Attwood(1917) reportedanempirical formula, attributedtoFosterKing (I.N.A.,
1915), for estimating the maximum bending moment without constructing
the full curves of loads, shearing force, and bendingmoment:

Equation 13.10—Foster King’smaximumbendingmoment:

Mmax ≈
L2BDw

35
(5.9)

where L is the ship length, B is the breadth, and Dw is the winter draught,
all in consistent units (feet and foot‐tons in the original) (Attwood, 1917).
Twenty years of application showed agreement within approximately 5%
with detailed calculations for vessels of widely dissimilar character and
dimensions, confirming its utility as a preliminary design guide (Attwood,
1917).
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5.3.3 Transverse Strength andRacking

In addition to longitudinal bending, a ship is subjected to strains that tend to
change its transverse cross‐sectional form. Attwood (1917) described this phe‐
nomenonby analogywith a square framework: whenmoved rapidly back and
forth (asashipdoeswhenrolling), the frameworkdistorts intoaparallelogram
shape. This tendency toward transversedistortion is termed racking (Attwood,
1917).

The connectionsof beams to the ship’s sides, and the transverse structural
elements (frames, brackets, and deep floors), must be sufficiently strong to
resist racking. Transverse watertight bulkheads are particularly valuable
in this regard, as they provide rigid diaphragms that maintain the ship’s
cross‐sectional shape. A ship when docked, especially with heavy weights
such as coal or armour on board, is also subjected to severe racking strains
because the support conditions differ fundamentally from the hydrostatic
support provided by the surroundingwater (Attwood, 1917).

The international Association of Classification Societies (IACS) provides
rule‐based formulae for wave‐induced loads. Rawson and Tupper (2001)
present the IACS standardwave bendingmoments:

Equation 13.16— IACSwave‐induced hogging bendingmoment:

MWH = +0.19C L2BCb [kNm] (5.10)

Equation 13.17— IACSwave‐induced sagging bendingmoment:

MWS = −0.11C L2B (Cb + 0.7) [kNm] (5.11)

whereL is the rule length inmetres,B is themoulded breadth,Cb is the block
coefficient, andC is a wave coefficient given by (Rawson& Tupper, 2001):

C = 10.75−
(
300− L

100

)1.5

for 90 < L < 300m

The saggingmoment is larger than the hoggingmoment for the same ship be‐
cause the (Cb + 0.7) factor exceedsCb alone, reflecting the greater severity of
the trough‐amidships condition.

The corresponding IACSwave‐induced shearing forces are (Rawson&Tup‐
per, 2001):

Equation 13.18— IACSwave‐induced shearing forces:

SWH = +0.3F1 C LB (Cb + 0.7), SWS = −0.3F2 C LB (Cb + 0.7)
(5.12)

whereF1 andF2 aredistribution factors that account for thevariationof shear‐
ing force along the ship’s length (Rawson & Tupper, 2001). The permissible
bending stress is175MPaand thepermissible shear stress is110MPa formild
steel (Rawson& Tupper, 2001).
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The quantitative analysis of transverse strength begins with the loading
on individual frames. Each transverse frame carries the lateral pressure exer‐
ted by the sea on the shell plating over a strip of hull equal to the frame spa‐
cing s. At a depth z below the waterline, the hydrostatic component of this
pressure is p = ρgz, and the total lateral load on the frame at that depth is
q(z) = p · s = ρgz s per unit length of frame (Rawson & Tupper, 2001). In
heavy weather the total pressure includes a hydrodynamic component from
wave impacts, which classification societies account for through minimum
design pressure heads that exceed the static waterline depth (Hughes & Paik,
2010).

Each side frame is a structural beam spanning from the double bottom to
the deck, supported at its ends by the bottom structure and the deck beam.
The bendingmoment in the frame depends on the end‐fixity conditions: if as‐
sumed simply supported, themaximumbendingmoment atmid‐spanunder
a triangular (hydrostatic) load isM = qmax l

2/15, where qmax is the load in‐
tensity at the lower support and l is the span; if assumed fully fixed at both
ends, the support moments are larger but the mid‐span moment is reduced.
In practice, the boundary conditions are intermediate, and classification so‐
ciety rules provide effective span corrections (Rawson & Tupper, 2001). The
required section modulus of the frame is then obtained from the beam bend‐
ing formula (Equation 5.8) as Z = M/σperm, where σperm is the permissible
bending stress for thematerial (Rawson& Tupper, 2001).

Deep web frames, spaced at intervals of three to five ordinary frame
spacings, provide additional transverse rigidity by acting as deep beams
with high bending stiffness. Together with transverse watertight bulkheads,
which function as rigid diaphragms, they form a transverse support system
that resists the racking deformation described by Attwood (1917). United
States Naval Academy (2021) distinguish the two principal framing arrange‐
ments: transverse framing, in which closely spaced frames run athwartship
and provide natural racking resistance, and longitudinal framing, in which the
primary stiffeners run fore‐and‐aft (improving longitudinal buckling resist‐
ance at the cost of reduced inherent transverse stiffness). In longitudinally
framed vessels, the transverse web frames and cross‐ties must be propor‐
tionally heavier to compensate for the absence of closely spaced transverse
members (Hughes & Paik, 2010; United States Naval Academy, 2021).

5.3.4 Local Structural Loading

Vertical Loads fromShippingWater Events

Local structural loading on ship decks includes the vertical forces generated
by water shipping (green water) events. Hernández‐Fontes et al. (2020)
measured the quasi‐static vertical loads over the deck of a rectangular fixed
structure subjected to different types of shipping water events, generated us‐
ing the wet dam‐breakmethod. A force balance of four S‐type axial load cells,
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with a sampling rate of 500Hz and a 100Hz low‐pass filter, was synchronised
with wave probes and a high‐speed camera to capture the relationship
between flowpatterns and structural loading.

The non‐dimensional vertical force on the deckwas defined as:
Equation 13.6—Non‐dimensional vertical force from shippingwater:

F ∗ =
F

ρ g h1 L2
(5.13)

where F is the measured vertical force, ρ = 1000 kgm−3 is the water dens‐
ity, g = 9.81ms−2 is gravitational acceleration, h1 is the upstream water
depth (reference depth), and L = 0.195m is the deck length of the structure
(Hernández‐Fontes et al., 2020).

Forward and BackflowLoading Trends

Two distinct loading phaseswere defined (Hernández‐Fontes et al., 2020):

• Forward loading: Generated by water propagating from the bow over
thedeckuntil the shippedwater reached itsmaximumdisplacementon
the vertical wall during run‐up. The forward peak load is denotedM1.

• Backflow loading: Generated after the maximum wall run‐up, includ‐
ing loads fromwater returning toward the reservoir. The backflowpeak
load is denotedM2.

The mean maximum forward loads varied strongly with the type of ship‐
pingwater event:

Table 5.1: Forward peak loads by event type (Hernández‐Fontes et al., 2020).

Event type Bore steepness ε Meanmax.F ∗ (M1)

DB 0.12 ≈ 0.082
PDBSC (rd ≈ 0.6) 0.21 ≈ 0.24
PDBSC (rd ≈ 0.5) 0.33 ≈ 0.424
PDBLC (rd ≈ 0.4) 0.55 ≈ 0.529

The forward peak load for the most severe event (PDBLC) was approx‐
imately 6.4 times larger than for the mildest event (DB). The PDBSC events
showed intermediate loading, with the peak load increasing by approxim‐
ately 176% and 517% relative to the moderate and mild events, respectively,
for the ε ≈ 0.33 case (Hernández‐Fontes et al., 2020).

Significance of BackflowLoads

A key structural design finding from Hernández‐Fontes et al. (2020) is that
backflow loads are of the same order as forward loads. The ratio of backflow
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peak to forward peak, M2/M1, ranged between 0.64 and 0.86 for all cases
tested. For longer (less steep) bores, the forward andbackflowpeak loadswere
very similar. The difference betweenM1 andM2 remained almost constant
for bore steepnesses between 0.2 and 0.35, withM2 less than approximately
38% ofM1 in each case. However, this difference increased for the steepest
bore (ε ≈ 0.55), where the forward peak load exceeded the backflowpeak load
by approximately 40% (Hernández‐Fontes et al., 2020).

This finding has direct implications for the structural design of marine
decksandsuperstructures. For configurationswhere shippingwater interacts
with verticalwalls or structures located on the deck, backflow loads should be
considered alongside forward loads in the design process (Hernández‐Fontes
et al., 2020).

Influence of Freeboard and InstallationDimensions

The experiments with two different freeboards (fb = 0.030m and 0.042m)
confirmed that the highest peak loads occurred for the lowest freeboard. Fur‐
thermore, Hernández‐Fontes et al. (2020) compared their results with those
from a larger installation and found that the vertical loads over the deck were
lower in the larger facility, attributed to the longer distance for bore develop‐
ment andwall friction effects. This indicates that shippingwater patterns and
loading are sensitive to the dimensions of the experimental installation, and
any systematic evaluation should use a consistent setup (Hernández‐Fontes
et al., 2020).

5.3.5 Buckling and Instability

Buckling is the dominant failure mode for the compressed plating and
stiffened panels that constitute the hull envelope. The box girder experi‐
ments of Guedes Soares and Santos (2015) (Section 5.3.1) demonstrated that
the collapse of the compressed flange (deck or bottom plating, depending on
the loading sense) governs the ultimate bending capacity of the hull girder.

The effective column length measured in the box girder tests—460mm
against a 400mm frame spacing—indicates that the boundary conditions at
the frames are intermediate between simply supported and clamped. This
finding has practical implications for design: assuming simply supported
boundaries underestimates the buckling strength, while assuming clamped
boundaries overestimates it. The experiments provide calibration data for
finite element and analytical bucklingmodels (Guedes Soares & Santos, 2015).

A slender column of length l subjected to an axial compressive load will
buckle when the load reaches the Euler critical load. Rawson and Tupper
(2001) present the Euler formula for the critical buckling stress:

Equation 13.19—Euler column buckling stress:

σE =
π2E(
l/k
)2 (5.14)
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whereE isYoung’smodulusand l/k is theslenderness ratio (columnlengthdi‐
vided by the radius of gyration of the cross‐section) (Rawson & Tupper, 2001).
The Euler formula applies strictly to perfect, elastic columns; real ship struc‐
tural members have initial imperfections and residual welding stresses that
reduce the critical load.

For flat rectangular plates under uniaxial compression, Rawson and Tup‐
per (2001) give the Bryan critical buckling stress:

Equation 13.20—Bryan plate buckling stress:

σcr = Kc
π2E

12 (1− ν2)

(
t

b

)2

(5.15)

where Kc is a buckling coefficient that depends on the plate aspect ratio
and boundary conditions (a minimum of Kc = 4.0 for a simply supported
plate with aspect ratio ≥ 1), ν is Poisson’s ratio (≈ 0.3 for steel), t is the
plate thickness, and b is the shorter plate dimension (typically the frame
spacing) (Rawson & Tupper, 2001). Equation (5.15) shows that the buckling
stress is proportional to the square of the thickness‐to‐width ratio, explaining
why thin, wide panels aremost susceptible to buckling failure.

For intermediate slenderness ratios where inelastic buckling occurs, the
Johnson–Ostenfeld correction modifies the Euler stress to account for mater‐
ial yielding (Hughes & Paik, 2010; Rawson& Tupper, 2001):

σJO = σy

(
1− σy

4σE

)
for σE > σy/2

This correction ensures a smooth transition from the elastic buckling regime
(Euler) to the yield‐limited regime, where the column squashes rather than
buckles (Rawson& Tupper, 2001).

5.3.6 FatigueDamageMechanics

The fatigue life of structural steel is characterised by the S–N curve, which
relates the applied stress range∆σ to the number of cycles to failureN . For
a given material and weld detail category, the S–N relationship takes the
power‐law form (Li et al., 2013):

Equation 13.11— S–N fatigue life relation:

logN = log ā−m log∆σ (5.16)

where ā is the interceptparameter (dependenton thedetail categoryandprob‐
abilityof survival) andm is the inverse slopeof theS–Ncurve. Forwelded ship
structural details, classification society rules typically specifym = 3 for the
high‐cycle regime (Li et al., 2013).

When a structural detail is subjected to a variable‐amplitude loading his‐
tory, the cumulative fatigue damage is assessed using the Palmgren–Miner
linear accumulation rule (Li et al., 2013):
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Equation 13.12—Palmgren–Miner cumulative damage rule:

D =

k∑
i=1

ni
Ni

(5.17)

where ni is the number of stress cycles at stress range∆σi andNi is the num‐
ber of cycles to failure at that stress range from the S–N curve. Failure is pre‐
dictedwhenD ≥ 1. Despite its simplicity and the neglect of load‐sequence ef‐
fects, this rule remains the standard for ship structural fatigue assessment (Li
et al., 2013).

For a narrow‐bandGaussian stress process, the short‐term stress range fol‐
lows a Rayleigh distribution. Li et al. (2013) express the short‐term fatigue
damage in sea state j as:

Equation 13.13—Narrow‐band short‐term fatigue damage:

Dj =
νj Tj
ā

(2
√
2
√
m0,j)

m Γ
(
1 +

m

2

)
(5.18)

whereνj is the zero‐crossing frequency,Tj is thedurationof sea state j,m0,j is
the zeroth spectralmoment (variance) of the stress response in that sea state,
and Γ(·) is the gamma function (Li et al., 2013). This closed‐form expression
is the basis of the spectral fatiguemethod, in which the stress response spec‐
trum is computed from the wave spectrum and the ship’s structural transfer
functions.

The long‐term fatigue damage over the vessel’s operational lifetime is
accumulated by summing the contributions from all encountered sea states,
weighted by their probability of occurrence (Li et al., 2013):

Equation 13.14—Long‐term fatigue damage accumulation:

Dtotal =

n∑
i=1

piDi (5.19)

where pi is the fraction of the vessel’s lifetime spent in sea state i and Di is
the fatigue damage accumulated in that sea state (Li et al., 2013). The design
criterion requiresDtotal < 1 for the target service life, typically 20–25 years for
merchant vessels.

The nominal stress obtained from beam theory or global finite element
analysis does not account for stress concentrations at structural discontinu‐
ities. The stress concentration factor (SCF) relates the local hotspot stress to
the nominal stress (Li et al., 2013):

Equation 13.15— Stress concentration factor:

K =
σhs
σnom

(5.20)

where σhs is the hotspot stress at the weld toe (or other critical location) and
σnom is the nominal stress from global analysis (Li et al., 2013). The hotspot
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stress is typically determined by surface stress extrapolation from fine‐mesh
finite elementmodels, following the procedures specified by classification so‐
cieties.

Li et al. (2013) applied both spectral and time‐domain fatigue methods
to the side‐shell structure of a Panamax container vessel (Lpp = 281m,
B = 32.26m, Cb = 0.68) operating on a North Atlantic trade route. The
time‐domain method employed nonlinear hydrodynamic analysis to cap‐
ture intermittent wetting in the splash zone near the waterline, where the
alternating submergence and emergence of the hull introduces asymmetric
pressure loading that cannot be captured by linear (spectral) methods. Full‐
scale strain measurements from an onboard monitoring system over two
years of operation provided validation data for bothmethods (Li et al., 2013).

The computed fatigue life at a critical side‐shell longitudinal connection
was 6.7 years by the time‐domain method and 7.1 years by the spectral
method—both well below the 20‐year design target, confirming the fatigue
vulnerability of the splash‐zone region. The moderate‐to‐severe sea states
(Hs = 3.5–9.5m) contributed approximately 80% of the total fatigue damage
despite accounting for less than 20% of the operational time, demonstrating
the disproportionate influence of heavy weather on fatigue accumulation (Li
et al., 2013).

5.3.7 ShipVibration andResonance

The hull girder vibrates as a free–free beam, with natural frequencies determ‐
ined by its bending stiffness EI , mass distribution, and length. Rawson and
Tupper (2001) present the two‐node vertical vibration frequency (the lowest
naturalmode) using the empirical Schlick formula:

Equation 13.21— Schlick formula for two‐node vibration:

N2 = c1

√
I

L3 ∆
(5.21)

whereN2 is the two‐node frequency in cycles per minute, I is the amidships
secondmoment of area inm4,L is the ship length inmetres,∆ is the displace‐
ment in tonnes, and c1 is an empirical constant (c1 ≈ 200,000–280,000 de‐
pending on ship type) (Rawson& Tupper, 2001). This frequency typically falls
in the range 0.5–1.5Hz formerchant ships, which can coincidewith the blade‐
rate frequency fz = z · n (derived in theMarine Propulsion Physics chapter of
the companion volume) of themain propeller, creating a potential resonance
condition.

Thestructuraldesignermustensure that the two‐node frequencydoesnot
coincidewith the propeller blade‐rate frequency or its principal harmonics. If
resonance cannot be avoided by adjusting the propeller speed or blade num‐
ber, the vibration amplitude must be controlled through stiffening of the aft
body structure, increasing the hull girder moment of inertia, or installing vi‐
bration neutralisers (Rawson& Tupper, 2001).
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5.3.8 Structural Reliability and Limit States

The deterministic approach to structural design—in which the applied loads
must not exceed the permissible stresses (Section 5.4.1)—does not explicitly
account for the uncertainties inherent in loading predictions, material prop‐
erties, geometric tolerances, andmodelling assumptions. Structural reliability
methods formalise these uncertainties within a probabilistic framework, ex‐
pressing the safety of the hull girder in terms of the probability of failure Pf

and the associated reliability index β (Decò et al., 2012).

Corrosion and Time‐VariantHull Thickness

The net hull girder capacity diminishes over the vessel’s lifetime due to corro‐
sion wastage. Decò et al. (2012) model the time‐variant thickness of a struc‐
tural plate as:

Equation 13.22—Time‐variant plate thicknesswith corrosion:

d(t) = d0 − r(t) (5.22)

whered0 is the original as‐built plate thickness and r(t) is the corrosiondepth
at time t. Corrosion is assumed to commence after the protective coating
breaks down at time Tc (typically 5–10 years for marine coatings), and the
subsequentwastage follows a power‐lawmodel (Decò et al., 2012):

r(t) = C1 (t− Tc)
C2 for t > Tc

where C1 and C2 are empirical parameters that depend on the location and
type of structural member. As the plate thickness decreases, the section
modulus of the hull girder decreases, and the ultimate bending capacity de‐
clines accordingly. This time‐variant degradation means that the structural
reliability is not constant but decreases monotonically after the onset of
corrosion (Decò et al., 2012).

Limit State Equations forHull Girder Failure

The structural safety of the hull girder is assessed by defining a limit state func‐
tion g that represents themargin between the structural capacity (resistance)
and the applied load (demand). Failure occurs when g ≤ 0. Decò et al. (2012)
define limit state functions for both the ultimate collapse and the first failure
of the hull girder.

The limit state for ultimate sagging failure at time t is (Decò et al., 2012):
Equation 13.23—Limit state for ultimate sagging:

gUS(t) = χuMu(t)−
[
χswMsw + χwMw

]
(5.23)

whereMu(t) is the time‐variant ultimate sagging bending moment capacity
of the hull cross‐section,Msw is the still water bending moment,Mw is the
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wave‐induced vertical bending moment, and χu, χsw, and χw are model un‐
certainty factors for the ultimate strength, still water load, and wave‐induced
load, respectively. The corresponding limit state for ultimatehogging is (Decò
et al., 2012):

Equation 13.24—Limit state for ultimate hogging:

gUH(t) = χuMu(t)−
[
χswMsw + χwMw

]
(5.24)

whereMu(t) now refers to the ultimate hogging capacity.
The first failure limit states replace the ultimate capacityMu with the ini‐

tial yieldingmomentMy ,which represents thebendingmomentatwhich the
extreme fibre of the cross‐section reaches yield stress (Decò et al., 2012):

gFS(t) = χyMy(t)−
[
χswMsw + χwMw

]
The ultimate capacityMu accounts for the post‐yield reserve strength due to
progressive collapse of stiffened panels: as individual plate‐stiffener combin‐
ations buckle or yield, load is redistributed to the remaining intact elements
until the cross‐section can no longer sustain additional moment (Decò et al.,
2012). This incremental procedure, developed by Smith (1977) and adopted by
IACSas thestandardmethod forultimatehull girder strengthassessment, typ‐
ically yieldsMu > My by a factor of 1.1–1.3 depending on the structural ar‐
rangement (Decò et al., 2012).

Reliability Index

Given the limit state function g, the probability of failure is (Decò et al., 2012):

Pf = P (g ≤ 0)

The structural reliability is conventionally expressed through the reliability in‐
dex:

Equation 13.25—Reliability index:

β = Φ−1(1− Pf ) (5.25)

whereΦ−1 is the inverse of the standardnormal cumulative distribution func‐
tion (Decò et al., 2012). Ahigherβ corresponds to a lowerprobability of failure;
typical target values for naval vessel hull girders are β = 3.0–4.0, correspond‐
ing toPf ≈ 10−3–10−5 (Decò et al., 2012).

Decò et al. (2012) computed the reliability index using the First‐Order Reli‐
abilityMethod (FORM),which linearises the limit state surface in the space of
standardnormal variables and computesβ as theminimumdistance fromthe
origin to the failure surface. For a joint high‐speed sealift vessel (L = 290m,
B = 32m), the initial reliability index was β ≈ 5.3 for ultimate sagging, de‐
clining toβ ≈ 3.1after25yearsof corrosion‐induceddegradation—areduction
of over 40% (Decò et al., 2012).
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RedundancyAssessment

A structural system is redundant if it can sustain loads after the failure of one
or more of its components. Decò et al. (2012) quantify structural redundancy
through two indices. The first redundancy index measures the reserve capa‐
city of the intact system relative to first component failure:

Equation 13.26—Redundancy index (intact reserve):

RI1 =
βintact − βfirst

βintact
(5.26)

where βintact is the reliability index for ultimate system failure and βfirst is the
reliability index forfirst component failure (Decòetal., 2012). AvalueofRI1 =
0 indicates a non‐redundant (series) system in which the failure of any single
element causes systemcollapse; positive values indicate reserve capacity bey‐
ond first failure.

The second redundancy indexmeasures the residual capacity of the dam‐
aged system:

Equation 13.27—Redundancy index (residual capacity):

RI2 =
βdamaged − βfirst

βdamaged
(5.27)

where βdamaged is the reliability index for the system with one component
failed (Decò et al., 2012). Both indices vary with time as corrosion reduces the
structural capacity, and their polar representations across all headings and
sea states provide a comprehensive map of the vessel’s operational safety
envelope (Decò et al., 2012).

5.4 Applications inMaritime Systems

5.4.1 Classification Society Rules and Standards

Classification societies (Lloyd’s Register, DNV, Bureau Veritas, ABS, etc.) es‐
tablish theminimumstructural scantlings for hull construction. Rawson and
Tupper (2001) describe the rule‐based design framework: the IACS Unified
Requirements specify the still‐water and wave‐induced load components
(Equations 5.10–5.12), define the permissible stress levels for mild steel
(σmax = 175MPa, τmax = 110MPa), and require that the midship section
modulus Z = I/ymax is sufficient to keep the bending stress within these
limits under the combined still‐water and wave‐induced moments (Rawson
& Tupper, 2001).

Modern classification rules have evolved from purely prescriptive re‐
quirements to goal‐based standards that permit rational analysis (direct
calculation of loads and structural response) as an alternative to tabulated
scantlings. Rawson and Tupper (2001) note that the direct calculation
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approach—combining hydrodynamic load analysis, finite element stress ana‐
lysis, and fatigue assessment—is now required for all large ships (L > 150m)
and is increasingly used for smaller vessels where novel structural arrange‐
ments fall outside the scope of tabulated rules.

5.4.2 Finite Element Analysis (FEA) in Ship Structures

Li et al. (2013) describe a hierarchical finite element methodology for ship
structural fatigue assessment. Three modelling levels are employed in
sequence: (1) a global model of the entire hull structure, which provides the
overall structural response underwave loading; (2) a localmodel of the region
of interest (e.g., a side‐shell frame space), refined from the globalmodel using
sub‐modelling techniques with displacement boundary conditions; and
(3) a hotspot model with fine mesh at the critical structural detail (e.g., the
connection between a longitudinal stiffener and a transverse web frame),
fromwhich the hotspot stress is extracted by surface stress extrapolation (Li
et al., 2013).

This sub‐modelling approach allows the accurate determination of local
stress fieldswithout the computational cost of applying a finemesh to the en‐
tire hull. The global model captures the wave‐induced load distribution, the
local model captures the structural geometry of the frame space, and the hot‐
spotmodel captures thestressconcentrationat theweldtoe. For thePanamax
container vessel analysed by Li et al. (2013), this three‐level approach was ap‐
plied to the side‐shell longitudinal connections in the splashzone,wherenon‐
linear hydrodynamic pressures from intermittent wetting produce the most
severe fatigue loading (Li et al., 2013).

5.4.3 Structural HealthMonitoring

Li et al. (2013) utilised full‐scale strain measurements from an onboard hull
monitoring system installed on a Panamax container vessel to validate com‐
putational fatigue predictions. Strain gauges mounted on side‐shell longit‐
udinal stiffeners recorded the stress history over approximately two years of
NorthAtlantic operation. Themeasured strain datawere processed using the
rainflow counting method to extract the stress range histogram, which was
then comparedwith the computed stress ranges from both spectral and time‐
domain analyses (Li et al., 2013).

The measured stress ranges were correlated with hindcast wave data to
reconstruct the environmental conditions encountered during each voyage
leg. This combination of onboard strain measurement and hindcast environ‐
mental data enabled a direct comparison between measured and predicted
fatigue damage, providing a rigorous validation framework. The agreement
between measured and computed fatigue damage confirmed the reliability
of both the hydrodynamic loading models and the structural finite element
models (Li et al., 2013).
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Figure5.3: S–N fatigue curves forwelded ship structural detail categoriesD throughW,
plottedwith an inverse slope ofm = 3 (Equation 5.16). Higher detail categories (e.g. D)
correspond to less severe stress concentrations and longer fatigue lives. The dashed
vertical linemarks theapproximate25‐yeardesign life (∼ 108 cycles). For theside‐shell
splashzoneofaPanamaxcontainervessel, Lietal. (2013) computed fatigue livesofonly
6.7–7.1 years at Category F2, well below the design target.

5.4.4 Collision andGrounding Structural Response

The structural response to collision involves both external mechanics (the
global dynamics of the striking and struck vessels) and internal mechanics
(the local deformation and energy absorption of the hull structure). Rawson
and Tupper (2001) describe the external problem: the kinetic energy of the
collision is determined by themasses, speeds, and approach angle of the two
vessels, with the hydrodynamic added mass increasing the effective striking
mass by 10–40% depending on the direction ofmotion.

The internal mechanics of collision determine how the kinetic energy is
absorbed by structural deformation. Rawson and Tupper (2001) note that
Minorsky’s empirical correlation—relating the volume of damaged structure
to the absorbed energy—provides a first estimate, but finite element analysis
is required for detailed assessment of specific structural arrangements such
as double‐hull tankers and side‐shell frames (Rawson& Tupper, 2001).

For grounding, two distinct scenarios are considered: stranding (the ship
comes to rest on a shoal or reef) and bottom raking (the ship moves forward
over a rock or reef, opening the bottom structure along a considerable length).
Rawson and Tupper (2001) explain that in bottom raking, the structural
resistance is provided by the double‐bottom floors, inner bottom plating,
and longitudinal girders; the energy absorption depends on the depth of
penetration and the longitudinal extent of the contact. Modern double‐hull
requirements (MARPOL Annex I) increase the structural energy absorption
capacity by providing an additional barrier between the outer shell and the
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cargo spaces (Rawson& Tupper, 2001).

5.5 Discussion

Themast bending analysis of Bejan et al. (2020) demonstrates a general prin‐
ciple of structural design inmaritime systems: structural dimensions are not
arbitrarybut aredeterminedby thebalancebetweenexternal loading (aerody‐
namic, hydrodynamic,wave‐induced) andmaterial strength. Theengineering
consequence is direct—advances in material science (higher σ) directly trans‐
late to lighter,more efficient vessels with improved performance.

This principle extends to every structural element of a ship: hull plating
thickness is determined by hydrostatic and wave pressures; frame spacing is
determinedbyplate buckling criteria; and longitudinal strengthmembers are
sized by the hull girder bending moment. In each case, the structural design
is a physics problem involving force balance andmaterial limits.

The shipping water loading data of Hernández‐Fontes et al. (2020) add a
further dimension to local structural design. Their experiments demonstrate
that the type of incomingwave—characterised by bore steepness—determines
not only the magnitude of the vertical load on the deck but also the loading
pattern over time. The finding that backflow loads are 64–86% of forward
loads has direct design implications: structural assessments that consider
only the forward (impact) loading phase underestimate the total loading
cycle. Moreover, the sensitivity of shipping water loads to freeboard and
installation dimensions highlights the need for consistent experimental
setupswhen deriving design loads from laboratory data.

The reliability‐based approach of Decò et al. (2012) represents a further
evolution in structural assessment methodology. Whereas deterministic
design compares a single load value against a single capacity value with
prescribed safety factors, the probabilistic framework captures the full distri‐
butions of both. The resulting reliability index β provides a unified measure
of structural safety that integrates all sources of uncertainty—loading ran‐
domness, material variability, modelling error, and progressive corrosion.
The monotonic decline in β with time (from 5.3 to 3.1 over 25 years for the
case study vessel) demonstrates that static safety factors cannot guarantee
adequate safety over the vessel’s entire operational life, and that time‐variant
reassessment is necessary. The redundancy indices RI1 and RI2 add a
systems perspective: even when the system reliability index is acceptable, a
low redundancy index signals that the cross‐section is operating close to its
first‐failure threshold and has limited capacity to redistribute loads after local
component buckling or yielding.

The torsion analysis introduced byRussell et al. (2015) addresses a distinct
aspect of the structural loading picture. While the hull girder analysis treats
longitudinal bending and shear, the propulsion system introduces significant
torsional loads through the propeller shaft, intermediate shafts, and stern
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tube. The classical relationshipT/J = τ/r = Gθ/l enables direct calculation
of these torsional stresses from the engine torque, ensuring that the shaft
diameter is sufficient to transmit full powerwithout exceeding thematerial’s
shear strength.

The shaft‐line vibration studies compiled in Sutulo and Guedes Soares
(2023) extend this torsional picture to coupled lateral–torsional dynamics.
When the propeller operates in a non‐uniform wake, the fluctuating torque
at blade‐rate frequency excites not only torsional shaft modes but also
lateral whirlmodes through gyroscopic coupling. If a whirl natural frequency
coincides with a structural resonance of the stern bearing support or the
engine‐room double bottom, the vibration amplitude can exceed the levels
predicted by the uncoupled Schlick formula (Equation 5.21) or the simple
torsion equation alone. Finite element models that include the shaft, bear‐
ings, stern tube, and local hull structure as a coupled system are therefore
necessary for vibration predictions in the aft body (Sutulo & Guedes Soares,
2023).

The engineering course notes of United States Naval Academy (2021)
provide a complementary pedagogical perspective on ship structural design.
The USNA treatment distinguishes transverse framing (frames running
athwartship at close spacing, typical of older cargo vessels) from longitudinal
framing (longitudinal stiffeners supported by widely spaced transverse
web frames, standard for large tankers and bulk carriers), and explains the
structural rationale: longitudinal framing increases the critical buckling
stress of the deck and bottom plating by reducing the unsupported panel
width in the direction of the dominant compressive stress. Laboratory
exercises on section modulus calculation—measuring the moment of inertia
of an idealised midship section and verifying the bending stress formula
(Equation 5.8)—reinforce the theoretical link between geometry, material
distribution, and structural capacity (United States Naval Academy, 2021).

5.6 Conclusion

The structural behaviour of a ship is governed by the hierarchy of load paths—
from global hull girder bending to local plate and stiffener response—each
analysed by the classical mechanics of beams, plates, and columns. The
mast bending analysis of Bejan et al. (2020) encapsulates this hierarchy in
miniature: the structural equilibriumFaH ∼ σd3 (Equation5.5) directly links
external aerodynamic loading to internal material stress, and the resulting
slenderness ratio (Equation 5.7) shows that stronger materials permit lighter,
more efficient structures. At the hull girder scale, the same beam‐bending
principle appears in the formula f/y = M/I (Equation 5.8), where the
bending moment—approximated by Foster King’s Mmax ≈ L2BDw/35
(Equation 5.9) or computed from IACS wave‐induced loads (Equations 5.10–
5.12)—determines the required section modulus (Attwood, 1917; Rawson &
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Tupper, 2001). Hooke’s law (σ = Y ε), extended through the buckling formu‐
lae of Euler (Equation 5.14) andBryan (Equation 5.15), governs the slenderness
limits of compressedplating,while the Johnson–Ostenfeld correctionbridges
the elastic and inelastic buckling regimes (Campbell, 2025; Rawson & Tupper,
2001).

Local and dynamic loading phenomena complete the structural picture.
Shipping water events impose quasi‐static vertical deck loads that scale
with bore steepness (F ∗ ≈ 0.08–0.53), and the backflow phase generates
loads 64–86% as large as the forward impact, demanding consideration
in design (Hernández‐Fontes et al., 2020). Fatigue, assessed through the
S–N relation (Equation 5.16) and the Palmgren–Miner accumulation rule
(Equation 5.17), is the life‐limiting failure mode for welded connections in
the splash zone: spectral and time‐domain analyses for a Panamax container
vessel both predicted fatigue lives of only 6.7–7.1 years, well below the 20‐year
design target, with moderate‐to‐severe sea states contributing 80% of the
total damage despite less than 20% of the operational exposure (Li et al.,
2013). The torsion equation T/J = τ/r = Gθ/l sizes the propeller shaft,
and coupled lateral–torsional shaft dynamics can amplify aft‐body vibration
when blade‐rate excitation coincides with structural resonances (Russell
et al., 2015; Sutulo & Guedes Soares, 2023).

The probabilistic framework of structural reliability introduces the reli‐
ability index β = Φ−1(1 − Pf ) (Equation 5.25) and the redundancy indices
RI1 and RI2 (Equations 5.26–5.27) as unified measures of safety and damage
tolerance. Corrosionwastage,modelled by the power law r(t) = C1(t− Tc)

C2

(Equation 5.22), drives a monotonic decline in hull girder capacity—from
β ≈ 5.3 at new‐build to β ≈ 3.1 after 25 years for the case study vessel—
demonstrating that static safety factors alone cannot guarantee adequate
safety over the vessel’s lifetime (Decò et al., 2012). Longitudinal framing,
adopted in large tankers and bulk carriers, increases the critical buckling
stress by reducing unsupported panel widths in the direction of dominant
compression, a principle validated by sectionmodulusmeasurement and the
bending stress formula (United States Naval Academy, 2021).
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Chapter 6

Acoustics andUnderwater Sound

6.1 Introduction

Sound is the primary means of remote sensing, communication, and naviga‐
tion in the ocean (Urick, 1983). Electromagnetic radiation is rapidly absorbed
in seawater (Chapter 2), making optical and radarmethods effective only over
short distances. Acoustic waves, by contrast, can propagate over hundreds or
even thousands of kilometres under favourable conditions,making underwa‐
ter acoustics the foundation of echo sounding, sonar, submarine communica‐
tion, and currentmeasurement.

As Dera (1992) demonstrated, the acoustic properties of seawater are gov‐
erned by its thermodynamic state: the speed of sound depends on temper‐
ature, salinity, and pressure, while absorption involves molecular relaxation
processes specific to the dissolved salts in seawater.

6.2 Scientific Background

6.2.1 Fundamentals of Sound andAcousticWaves

Sound in the ocean is a longitudinal pressure disturbance propagating
through the seawatermedium (Hewitt et al., 2012; Medwin & Clay, 1998). The
linearised equation ofmotion for a small acoustic perturbation is (Dera, 1992,
Eq. 8.0.5b):

Equation 14.1—Acoustic equation ofmotion:

ρ0
∂ui
∂t

= − ∂p

∂xi
(6.1)

where ρ0 is the undisturbed density, ui is the acoustic particle velocity com‐
ponent, andp is theacousticpressureperturbation. Theacousticpressureand
density perturbation are related by the elastic law (Dera, 1992, Eq. 8.0.7):

Equation 14.2—Acoustic law of elasticity:

p = c2 δρ (6.2)
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where c is thespeedof soundand δρ is thesmall densityperturbation fromthe
equilibrium value.

Combining the equation of motion with the continuity equation and
the elastic law yields the fundamental acoustic wave equation for a non‐
attenuatingmedium (Dera, 1992, Eq. 8.0.15):

Equation 14.3—Acoustic wave equation:

∂2p

∂t2
= c2 ∇2p (6.3)

A simple solution is the plane harmonicwave p = pa cos(ωt− kx), where
pa is the pressure amplitude,ω = 2πf is the angular frequency, and k = 2π/λ
is thewavenumber (Dera, 1992, Eq. 8.0.23).

The intensity of a harmonic planewave is (Dera, 1992, Eq. 8.0.27):
Equation 14.4—Effective sound intensity:

Ieff =
p2a
2ρ0c

(6.4)

where the product ρ0c is the specific acoustic impedance of the medium
(Section 6.2.3).

Sound intensity ismeasured on a logarithmic scale (Dera, 1992, Eq. 8.0.28):
Equation 14.5— Sound intensity level:

J = 10 log10
I

I0
= 20 log10

p

p0
[dB] (6.5)

where themodern hydroacoustic reference pressure is p0 = 1µPa.

6.2.2 Speed of Sound in Seawater

The speed of sound is the single most important acoustic parameter in the
ocean. Dera (1992) derived it from fundamentals using the Newton–Laplace
equation:

Equation 14.6—Newton–Laplace equation for sound speed:

c =
1√

kp,σ · ρ0
=

√(
∂p

∂ρ

)
σ

(6.6)

where kp,σ is the adiabatic compressibility and ρ0 is the undisturbed density
(Dera, 1992, Eq. 8.0.14); for a concise treatment, see (Fischer‐Cripps, 2014).
Since both compressibility and density depend on temperature, salinity, and
pressure, c = c(S, T, p).

For practical computation, Dera (1992) presented Wilson’s empirical for‐
mula:

Equation 14.7—Wilson’s sound speed formula (1960):

c(S, T, P ) = 1449.14 + ∆cS +∆cT +∆cP +∆cS,T,P (6.7)
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where the individual terms are (Dera, 1992, Eq. 8.1.3):

∆cT = 4.5721T − 4.4532× 10−2 T 2 − 2.6045× 10−4 T 3 + 7.985× 10−6 T 4

∆cS = 1.3980 (S − 35) + 1.692× 10−3 (S − 35)2

∆cP = 1.60272× 10−1 P + 1.0268× 10−5 P 2

+ 3.5216× 10−9 P 3 − 3.3603× 10−12 P 4

with cross‐terms∆cS,T,P ; T in ◦C,S in‰,P in kG/cm2. The formula is accur‐
ate to±0.3ms−1 (Dera, 1992, Eq. 8.1.3).

A simpler expression due toMedwin is also given byDera (1992, Eq. 8.1.4):
Equation 14.8—Medwin’s simplified sound speed formula (1975):

c = 1449.2+4.6T−0.055T 2+0.00029T 3+(1.34−0.010T )(S−35)+0.016 z
(6.8)

where c is inm s−1, T in ◦C,S in‰, and z is the depth inmetres.

Figure 6.1: Vertical profiles of temperature (left) and sound speed (right) in the deep
ocean. The speed of sound decreases through the thermocline as temperature falls
(temperature‐dominated regime), reaches a minimum at the SOFAR channel axis (∼
800m), and then increases monotonically with depth as hydrostatic pressure domin‐
ates (Equation6.8). TheSOFARchannel trapssoundbycontinuousrefraction, enabling
propagation over thousands of kilometres (Dera, 1992; Urick, 1983).

The sensitivity of speed to each variable is approximately (Dera, 1992):
+3.5ms−1 per 1 ◦C rise in temperature, +1.3ms−1 per 1‰ increase in
salinity, and+1.6–1.8ms−1 per 100m increase in depth.

6.2.3 Acoustic Impedance andReflection

The specific acoustic impedance of a medium is defined as (Dera, 1992,
Eq. 8.0.27):
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Equation 14.9—Acoustic impedance:

Z = ρ0 c [kgm−2 s−1] (6.9)

For seawater with ρ0 ≈ 1025 kgm−3 and c ≈ 1500ms−1, the acoustic im‐
pedance is Z ≈ 1.54 × 106 Pa sm−1. For air, Z ≈ 415Pa sm−1 (Dera, 1992).
This enormous impedance mismatch means that more than 99.9% of acous‐
tic energy is reflectedat theair–sea interface, effectively confiningunderwater
sound to the ocean and airborne sound to the atmosphere.

When a sound wave strikes a boundary between two media of different
acoustic impedancesZ1 = ρ1c1 andZ2 = ρ2c2, part of the energy is reflected
and part is transmitted. For normal incidence, the pressure reflection coeffi‐
cient is (Urick, 1983):

R =
Z2 − Z1

Z2 + Z1
(6.10)

and the intensity reflection and transmission coefficients are RI = R2 and
TI = 1−R2 respectively (Medwin&Clay, 1998). At thesea surface,Zair/Zsea ≈
2.7 × 10−4, giving R ≈ −1 and nearly total reflection with a phase reversal;
the sea surface therefore acts as a pressure‐release boundary for underwater
sound (Urick, 1983).

At the seabed, the impedance ratio depends on the bottommaterial. Soft
sediments (mud, silt) have impedances close to that of seawater (Zsed/Zsea ≈
1.1–1.4), yieldingmoderate reflection (RI ≈ 0.01–0.05). Hard substrates (rock,
gravel)havemuchhigher impedances (Zsed/Zsea > 2), producingstrongreflec‐
tions (RI > 0.1) (Medwin & Clay, 1998). For oblique incidence at angle θ1, the
generalised reflection coefficient involves the acoustic impedance ratio and
Snell’s law, and a critical angle exists beyond which total internal reflection
occurs if c2 > c1 (Jensen et al., 2011).

6.3 Theoretical Framework

6.3.1 Sonar Equation

The performance of any sonar system—whether active or passive—is assessed
through the sonar equation, which compares the received signal level to the
background noise or reverberation (Urick, 1983).

For an active sonar that transmits a pulse and listens for the echo, the sonar
equation in decibels is (Urick, 1983):

SL− 2TL+ TS− (NL− DI) = DT (6.11)

whereSL is the source level (intensityof the transmitted signal at1mfromthe
source, in dB re 1µPa at 1m), TL is the one‐way transmission loss (spreading
plus absorption), TS is the target strength (the ratio of the intensity of the re‐
flected signal at 1m from the target to the incident intensity, in dB), NL is the
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ambient noise level, DI is the receiving array directivity index (the improve‐
ment in signal‐to‐noise ratio achieved by the directional receiver over an om‐
nidirectional hydrophone), and DT is the detection threshold (the minimum
signal‐to‐noise ratio required for the operator or processor to detect the tar‐
get) (Urick, 1983). Detection occurs when the left side equals or exceeds the
right side. The factor of 2 on TL accounts for the two‐way path (source to tar‐
get and back).

For a passive sonar that listens for sound radiated by the target, the sonar
equation reduces to (Urick, 1983):

SL− TL− (NL− DI) = DT (6.12)

where there is no target strength term (no transmitted pulse) and only one‐
way transmission loss. In this case SL refers to the source level of the target’s
own radiated noise (Urick, 1983).

6.3.2 Sound Propagation in theOcean

The vertical sound speed profile creates refracting paths for acoustic rays. In
muchof thedeepocean, the speedof sounddecreaseswithdepth fromthe sur‐
face (due to cooling) down to aminimumat approximately 400–1200mdepth,
and then increases again due to the dominant effect of hydrostatic pressure
(Dera, 1992). This minimum defines the axis of the SOFAR (Sound Fixing and
Ranging) channel, where sound is trapped by continuous refraction and can
propagate over thousands of kilometreswith low attenuation (Urick, 1983).

Acoustic ray theory provides the geometrical description of sound
propagation in a range‐dependent ocean. In a horizontally stratifiedmedium
where c = c(z), the ray path is governed by Snell’s law (Jensen et al., 2011):

cos θ(z)
c(z)

=
cos θ0
c0

= const. (6.13)

where θ(z) is the grazing angle (measured from thehorizontal) at depth z, and
θ0, c0 are the initial grazing angle and sound speed at the source depth. A ray
launched at a small grazing angle is continuously bent toward the region of
lower sound speed: in the thermocline, where c decreases with depth, the ray
curves upward; below the SOFAR channel axis, where c increases with depth,
the ray curves downward. The result is an oscillatory path that confines the
ray to the sound channel (Jensen et al., 2011; Urick, 1983).

Several characteristic propagation features arise from this refrac‐
tion (Urick, 1983):

• Shadow zone: A region beneath the thermocline into which rays from
a shallow source cannot penetrate by direct refraction. The shadow
boundary is defined by the limiting ray whose grazing angle at the
source is zero.
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• Convergence zone: At ranges of approximately 50–65 km (and at mul‐
tiples thereof), refracted rays that have dived deep and curved back to
the surface converge, producing a narrow annular zone of anomalously
high intensity. Convergence zonepropagationenablesdetectionat long
rangewith relativelymodest source levels.

• Surface and bottombounce: Rays that strike the sea surface or seabed
are reflected and continue propagating. Each surface reflection involves
a phase reversal (pressure‐release boundary), while bottom reflections
depend on the seabed impedance (Section 6.2.3). Bottom‐bounce paths
provide a useful propagationmode over intermediate ranges in shallow
water (Urick, 1983).

For environments where ray theory is inadequate (low frequencies, shal‐
low water), normal mode theory decomposes the acoustic field into a sum of
discretemodes, each satisfying the depth‐dependentwave equationwith the
boundary conditions at the surface and seabed. The nthmode propagates ho‐
rizontally with a phase velocity cn > cmin and a group velocity vgn < cmin,
producing modal dispersion. The parabolic equation (PE) method provides an
efficient numerical solution to the full‐wave propagation problem, handling
range‐dependent bathymetry, sound speed, and sediment properties (Jensen
et al., 2011).

6.3.3 Transmission Loss

Transmission loss in the ocean has two principal components: geometric
spreading and absorption (Urick, 1983).

Absorption of sound intensity follows exponential decay along the
propagation path (Dera, 1992, Eq. 8.2.1):

Equation 14.10—Exponential absorption of sound:

I = I0 e
−αIr (6.14)

where I0 is the initial intensity, r is the propagation distance, and αI is the
energetic absorption coefficient inm−1.

In practice, absorption ismore commonly expressed indecibels permetre.
The conversions are (Dera, 1992, Eq. 8.2.5):

α [dB/m] = 8.686αe [Np/m] (6.15)

Sound absorption in seawater arises from three distinct mechanisms
(Dera, 1992):

1. Molecular viscosity (Stokes absorption): αI ∝ η ω2/(ρ c3), where η
is the dynamic viscosity and ω the angular frequency. This produces a
frequency‐squared dependence (Dera, 1992, Eq. 8.2.6).
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2. Thermalconductivity (Kirchhoffabsorption): approximately1/1000of
viscous absorption in seawater (Dera, 1992, Eq. 8.2.7).

3. Chemical relaxation: the dominant mechanism at frequencies below
approximately 100 kHz, involving structural relaxation of water mo‐
lecule clusters (τ ∼ 10−12 s), ionic relaxation of MgSO4 (τ ∼ 10−8 s,
relaxation frequency ∼100 kHz), and relaxation of boric acid B(OH)3
(τ ∼ 10−3 s, relaxation frequency∼1 kHz) (Dera, 1992).

The total absorption due to all relaxation processes is (Dera, 1992,
Eq. 8.2.20):

Equation 14.12—Total relaxation absorption coefficient:

αe =
∑
j

Aj ω
2 τj

1 + ω2 τ2j
(6.16)

where Aj is the participation fraction and τj is the relaxation time for each
chemical process j.

Figure 6.2: Frequency dependence of sound absorption in seawater atT ≈ 10 ◦C,S =
35‰. Threemechanisms contribute: boric acid relaxation (dominant below∼ 1 kHz),
magnesium sulphate relaxation (dominant at∼ 1–100 kHz), and viscous absorption
(dominant above∼ 100 kHz). The total absorption coefficient (Equation 6.16) varies
overmany orders ofmagnitude across the frequency spectrum (Dera, 1992).

For transmission loss calculations, the total one‐way transmission loss in
decibels combines geometric spreading and absorption (Urick, 1983):

TL = n log10

(
r

r0

)
+ α r [dB] (6.17)

where n = 20 for spherical spreading or n = 10 for cylindrical spreading (ap‐
propriate when sound is trapped in a waveguide such as the SOFAR channel
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and spreads only in the horizontal plane), r0 = 1m is the reference distance,
andα is the absorption coefficient in dBm−1 (Urick, 1983). At low frequencies
(f < 1 kHz), the absorption term is small andgeometric spreadingdominates,
permitting long‐range propagation. At high frequencies (f > 100 kHz), ab‐
sorption increases steeply (α ∝ f2 in theviscous regime) and limits theuseful
range to a few hundredmetres (Urick, 1983).

Figure6.3: Transmission lossasa functionof range for four representative frequencies,
showing thecombinedeffectof geometric spreadingand frequency‐dependentabsorp‐
tion (Equation 6.17). At low frequencies (0.1 kHz) absorption is negligible and sound
can propagate over tens of kilometres; at high frequencies (100 kHz) absorption dom‐
inates and limits the effective range to a few kilometres (Campbell, 2025; Dera, 1992).

6.3.4 AmbientNoise in theOcean

Urick (1983) identified threeprincipal frequencybandsdominatedbydifferent
noise sources:

• Below 10Hz: Microseisms, turbulent pressure fluctuations, and tidal
currents. The spectral level decreases approximately as f−2 with
increasing frequency.

• 10–500Hz: Dominated by distant shipping noise, with spectral levels
that dependon shipping density and range. In heavily traffickedwaters,
mean levels of 60–80 dB re 1µPa2Hz−1 are typical; in remote ocean
basins, levels are 10–20 dB lower (Urick, 1983).

• Above 500Hz: Wind‐generated surface noise, caused by breaking
waves and spray, becomes the dominant source. The spectral level
increases with wind speed: at sea state 6 (Beaufort 8), levels exceed
those at sea state 1 by approximately 30 dB at 5 kHz. Rain and biological
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sources (snapping shrimp in tropical and subtropical shallow waters)
add further contributions at specific frequencies (Urick, 1983).

The composite spectral description of deep‐water ambient noise, first
compiled empirically as the Wenz curves (Urick, 1983), remains the standard
reference for sonar system design. The ambient noise level NL appears dir‐
ectly in the sonar equations (Equations 6.11–6.12): higher noise levels require
either higher source levels, greater directivity, or lower detection thresholds
to achieve detection (Medwin & Clay, 1998; Urick, 1983).

6.3.5 Acoustic Doppler Effect

Whena sound source and an observer are in relativemotion, the observed fre‐
quency differs from the emitted frequency. Campbell (2025) gives the general
Doppler equation:

Equation 14.14—Doppler effect:

fo = fs

(
v ± vo
v ∓ vs

)
(6.18)

where fo is the observed frequency, fs the source frequency, v the speed of
sound in themedium, vo the observer speed, and vs the source speed. The up‐
per signs apply when the source and observer approach each other; the lower
signswhen they recede (Campbell, 2025).

TheDoppler effect is the operatingprinciple of theAcoustic Doppler Current
Profiler (ADCP). The instrument emits acoustic pulses at a known frequency
andmeasures the frequency shift of signals backscatteredbyparticles suspen‐
ded in the water column. The velocity component along the beam axis is ob‐
tained from the fractional frequency shift:

vcurrent =
∆f

2fs
c

where the factor of 2 accounts for the two‐way (transmit–receive) path. By
transmitting along multiple beam directions, the three‐dimensional current
profile is reconstructed.

For a ship‐mounted echo sounder pinging a seabed target while the ves‐
sel moves at speed vs, the Doppler shift is typically negligible because vs ≪
cwater ≈ 1500ms−1. However, for submarine sonar tracking a torpedo mov‐
ing at vs ≈ 50ms−1, the shift ismeasurable andprovides target speed inform‐
ation.

In multipath environments such as shallow water, the received signal
consists of multiple delayed and Doppler‐shifted copies of the transmitted
signal, producing Doppler spread that broadens the received spectrum and
complicates target velocity estimation. Modern sonar systems employ broad‐
bandwaveforms andmatched‐filter processing to resolve the Doppler spread
and extract velocity information from individual multipath arrivals (Jensen
et al., 2011; Urick, 1983).
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6.3.6 Reverberation

Reverberation is the unwanted return of acoustic energy scattered by the ocean
boundaries and volume inhomogeneities, which canmask the target echo in
an active sonar system. Urick (1983) distinguished three components:

• Surface reverberation: Scattering from the rough sea surface, whose
strength increaseswithwindspeedandsea state. The surface scattering
strengthSs is expressed in dB per unit area and depends on the grazing
angle and frequency.

• Bottom reverberation: Scattering from the seabed, governed by bot‐
tom roughness and the impedance contrast. Hard, rough bottoms (rock,
gravel) produce strong reverberation; soft, smooth bottoms (mud) pro‐
duceweak reverberation.

• Volume reverberation: Scattering from organisms, bubbles, and
temperature microstructure distributed throughout the water column.
The deep scattering layer (DSL), composed primarily of small fish and
zooplankton, produces a prominent volume reverberation feature at
depths of 300–700m during the day, migrating toward the surface at
night (Urick, 1983).

The reverberation level at the receiver is a function of the source level,
the scattering strength, the area (or volume) ensonified by the pulse, and
the transmission loss to and from the scattering patch. When reverberation
exceeds the ambient noise, the detection problem becomes reverberation‐
limited rather than noise‐limited, and increasing the source level does not
improve detection because both the echo and the reverberation increase
proportionally (Urick, 1983).

6.4 Applications inMaritime Systems

6.4.1 Echo Sounding and Bathymetry

The echo sounder is the most fundamental acoustic instrument on a ship. It
measures the water depth by emitting a short acoustic pulse vertically down‐
wardandmeasuring the two‐way travel time ttw to the seabedecho. Thedepth
is (Medwin & Clay, 1998):

d =
c ttw
2

(6.19)

where c is the mean sound speed over the water column and the factor of 2
accounts for the round trip. A single‐beam echo sounder (SBES) measures
depth at a single point beneath the vessel; typical operating frequencies are
12–200 kHz, with lower frequencies providing greater range (deep water) and
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higher frequencies providing better resolution (shallow water) (Medwin &
Clay, 1998).

A multi‐beam echo sounder (MBES) emits a fan‐shaped pulse and forms
multiple receive beams across the swath, measuring depths simultaneously
at many points on the seabed (Medwin & Clay, 1998). Typical swath widths
are 3–6 times the water depth, enabling efficient full‐coverage bathymetric
surveys. The accuracy of multi‐beam systems depends on the quality of
the sound velocity profile used to correct for ray bending (Snell’s law, Equa‐
tion 6.13), the accuracy of the vessel’s attitude (roll, pitch, heave) sensors, and
the timing precision of the receiver electronics (Medwin & Clay, 1998).

6.4.2 Acoustic Doppler Current Profiler (ADCP)

The ADCP uses the Doppler effect (Equation 6.18) to measure the velocity
of water currents at multiple depths simultaneously (Medwin & Clay, 1998).
The instrument transmits acoustic pulses along three or four beams inclined
at a fixed angle (typically 20◦–30◦) from the vertical. Backscattered returns
from suspended particles (plankton, sediment, bubbles) at each depth bin
are Doppler‐shifted in proportion to the radial velocity component along
the beam. By combining the radial velocities from multiple beams, the
three‐dimensional current vector is reconstructed at each depth bin.

Ship‐mounted (hull‐mounted or lowered) ADCPs measure the current
profile relative to the vessel; bottom‐tracking or GPS integration provides
the absolute current. Bottom‐mounted (upward‐looking) ADCPs are deployed
as moored instruments for long‐term current monitoring at fixed locations.
Typical operating frequencies range from 38 kHz (profiling range > 1000m,
vertical resolution ∼ 16m) to 1200 kHz (profiling range ∼ 20m, vertical
resolution∼ 0.5m) (Medwin & Clay, 1998).

6.4.3 Sonar forNavigation andObstacle Detection

Forward‐looking sonar (FLS) transmits acoustic beams ahead of the vessel
to detect obstacles (rocks, shoals, ice, other vessels) in the ship’s path. Detec‐
tion rangedepends on frequency, source level, and environmental conditions;
typical ranges are 200–500mat 200 kHz. FLS is particularly valuable in poorly
charted waters and for vessels operating near grounding depths (Medwin &
Clay, 1998).

Side‐scansonar (SSS) produces acoustic imagesof the seabedby transmit‐
ting narrow beams to port and starboard, perpendicular to the vessel’s track.
The backscattered intensity at each range position depends on the seabedma‐
terial and roughness, producing a high‐resolution acoustic photograph of the
bottom. Side‐scan imagery is used for wreck location, pipeline and cable sur‐
veys,mine detection, and habitatmapping. Typical operating frequencies are
100–500 kHz, with higher frequencies giving finer along‐track resolution at
the cost of reduced range (Medwin & Clay, 1998).
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Sub‐bottom profilers transmit lower‐frequency pulses (1–20 kHz) that
penetrate the seabed and are partially reflected at interfaces between sed‐
iment layers of different acoustic impedance (Section 6.2.3). The resulting
profile reveals the sub‐surface geological structure, information essential
for cable and pipeline routing, foundation design, and geotechnical site
investigation (Jensen et al., 2011).

6.4.4 Underwater Communication

Underwater acoustic communication is the only practical means of wireless
data transmission through the ocean over distances exceeding a few tens of
metres (Medwin & Clay, 1998). The acoustic channel is, however, far more
challenging than terrestrial radio: the available bandwidth is severely limited
by frequency‐dependent absorption (Equation 6.16), multipath propagation
produces time‐spread signals with delay spreads of 10–100ms in shallow
water, and relative motion between transmitter and receiver introduces
Doppler shifts that distort the signal (Jensen et al., 2011).

Typical acoustic modem systems operate at carrier frequencies of 8–
30 kHz with bandwidths of 1–10 kHz, achieving data rates of 0.1–10 kbit s−1

(orders of magnitude below terrestrial radio) over ranges up to 10 km. At
shorter ranges (< 100m), higher carrier frequencies (100–200 kHz) permit
higher data rates. Applications include diver‐to‐diver communication, ROV
and AUV telemetry, sensor data retrieval from seabed instruments, and
submarine communication (Medwin & Clay, 1998).

6.4.5 Underwater RadiatedNoise (URN) and Environmental Impact

Ships radiate underwater noise through three principal mechanisms: pro‐
peller cavitation (the dominant source atmost operating speeds), machinery
vibration transmitted through the hull, and hydrodynamic flow noise over
the hull surface (Urick, 1983). The radiated noise spectrum of a merchant
vessel typically shows a broadband continuum with source levels of 170–
190 dB re 1µPa at 1m and spectral peaks at the blade‐rate frequency and its
harmonics (Urick, 1983).

The environmental implications of ship‐radiated noise are significant.
Elevated ambient noise from shipping (the 10–500Hz band described in
Section 6.3.4) can mask the communication signals of marine mammals
whose vocalisation frequencies overlap this band. Baleen whales, which use
low‐frequency calls (10–500Hz) for long‐range communication, are particu‐
larly affected; the increasing density of global shipping traffichas been shown
to raise background noise levels in this band by 10–15 dB over the past half
century (Medwin & Clay, 1998; Urick, 1983).

Noise reduction measures include propeller design modifications to
delay the onset of cavitation, vibration isolation of main engines (resilient
mounting), and hull fairing to reduce flow noise. The regulatory framework
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linking these physics to environmental protection is treated in Chapter 8,
and the propeller cavitation mechanism is analysed in theMarine Propulsion
Physics chapter of the companion volume.

6.5 Discussion

The acoustic framework established in this chapter demonstrates the direct
dependence of underwater sound on seawater thermodynamics: the speed
of sound (Equation 6.6) depends on the same state variables—temperature,
salinity, and pressure—that govern seawater density (Chapter 8). The three
chemical relaxation mechanisms in seawater produce a complex frequency‐
dependent absorption that differs fundamentally from the simple viscous
absorption of purewater.

The enormous acoustic impedance mismatch at the air–sea interface
(Zsea/Zair ≈ 3700) explains why acoustic and electromagnetic methods
occupy complementary niches in ocean science: sound for long‐range sub‐
surface observation, and electromagnetic radiation for atmospheric and
near‐surface remote sensing (Medwin & Clay, 1998; Urick, 1983).

The sonar equations (Equations 6.11–6.12) distil the entire detection prob‐
lem into a balance sheet of decibels, yet each term encapsulates substantial
physics: the source level depends on transducer efficiency and electrical drive
power; the transmission loss integrates the ray‐bending effects of Snell’s law
(Equation 6.13), the frequency‐dependent chemical relaxation absorption
(Equation 6.16), and the geometric spreading regime (spherical at short
range, cylindrical in waveguide propagation); the ambient noise level is set
by the composite contributions of shipping, wind, and biology (the Wenz
curves); and the target strength depends on the geometry, size, and material
properties of the reflecting object (Urick, 1983).

The computational ocean acoustics framework of Jensen et al. (2011)—ray
tracing, normal modes, and the parabolic equationmethod—provides the nu‐
merical tools to solve the propagation problem in realistic, range‐dependent
environments where analytic solutions are unavailable. These methods are
essential for predicting sonar performance in complex environments such as
continental shelf regions with variable bathymetry, sound speed fronts, and
layered sediments. The continued increase in computational powerhasmade
full three‐dimensional acoustic modelling feasible for operational sonar
prediction, a development that would have been impractical with the two‐
dimensional methods available when Urick (1983) wrote the foundational
text.

6.6 Conclusion

Underwater acoustics is governed by the dependence of sound speed on
the thermodynamic state of seawater: the Newton–Laplace equation (Equa‐
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tion 6.6) andWilson’s empirical formula (Equation 6.7) yield typical ocean val‐
ues of 1430–1580ms−1, with temperature the dominant variable (+3.5ms−1

per ◦C) (Dera, 1992). The resulting vertical sound speed profile—decreasing
through the thermocline and increasing under hydrostatic pressure—creates
the SOFAR channel at approximately 400–1200m depth, where continuous
refraction traps acoustic energy and enables propagation over thousands
of kilometres (Urick, 1983). The enormous acoustic impedance mismatch
at the air–sea interface (Zsea/Zair ≈ 3700, Equation 6.9) effectively confines
underwater sound to the ocean.

Transmission loss combines geometric spreading—spherical divergence
yields−6 dB per doubling of distance—with frequency‐dependent absorption
arising from three chemical relaxation processes: boric acid (fr ∼ 1 kHz),
magnesiumsulphate (fr ∼ 100 kHz), andviscous losses athigher frequencies
(Equations 6.16 and 6.17) (Campbell, 2025; Dera, 1992). The Doppler effect
(Equation 6.18) underpins the Acoustic Doppler Current Profiler (ADCP), in
which the fractional frequency shift of backscattered signals yields current
velocity profiles throughout thewater column (Campbell, 2025).
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Chapter 7

Maritime Safety andRisk Physics

7.1 Introduction

Maritime safety engineering rests on the application of physical principles—
mechanics, thermodynamics, fluid dynamics, and probability theory—to the
prevention and mitigation of accidents at sea (Kristiansen, 2005). The Inter‐
national Convention for the Safety of Life at Sea (SOLAS) provides the regulat‐
ory framework, which has evolved from prescriptive rules based on lessons
learned from individual disasters to goal‐based standards rooted in quantitat‐
ive risk assessment.

A comprehensive statistical analysis of ship accidents in the period
1990–2012, covering 10,841 serious casualty records across all major ship
types, reveals that hull and machinery damage accounts for approximately
37% of all incidents, followed by wrecked/stranded events (21%) and colli‐
sions (20%) (Guedes Soares & Santos, 2015). The total losses during this
period amounted to 940 vessels, with 6,569 persons lost. These figures
highlight the practical importance of understanding the physics of structural
failure, flooding, fire, and collision—the subjects of this chapter.

The regulatoryphilosophyunderlyingSOLAShasevolved fromprescriptive
rules—which specify exact structural scantlings, subdivision arrangements,
and equipment lists—to goal‐based standards (GBS), which define the safety
objective and let the designer choose the means of compliance (Kristiansen,
2005). In a GBS framework, the designer demonstrates that the risk associ‐
ated with a proposed design is below an acceptable level, using quantitative
tools such as fault tree analysis, event tree analysis, and probabilistic damage
stability assessment. This approach encourages innovation and permits
optimisation of the safety solution for each vessel type (Kristiansen, 2005).
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Figure7.1: Seriouscasualty frequenciesbyship type for theperiod1990–2012, basedon
10,841 recordsacross602,998cumulativeship‐years (Equation7.1). Cruiseshipsexhibit
the highest frequency among all types (f = 4.23 × 10−2 per ship‐year), while Ro‐Ro
cargo ships and car carriers dominate the cargo vessel categories (Guedes Soares&San‐
tos, 2015).

7.2 Scientific Background

7.2.1 Risk Concepts and Probability Theory

In the maritime context, risk is defined as the product of the probability of
an accident and the severity of its consequences (Kristiansen, 2005; Rausand,
2014). Guedes Soares and Santos (2015) present frequency‐based risk meas‐
ures derived from the analysis of 10,841 serious accidents over 602,998 cumu‐
lative ship‐years of exposure for 13 ship types.

The accident frequency is computed as:
Equation 15.1—Accident frequency:

f =
Naccidents

Nship‐years
(7.1)

where Naccidents is the number of serious casualty events for a given ship
type and Nship‐years is the cumulative operational fleet exposure in ship‐
years (Guedes Soares & Santos, 2015).

For cargo vessels, the highest overall accident frequencies were observed
for Ro‐Ro cargo ships (f = 2.93 × 10−2 per ship‐year) and car carriers (f =
2.68 × 10−2), while for passenger vessels, cruise ships exhibited the highest
frequency (f = 4.23× 10−2 per ship‐year) (Guedes Soares & Santos, 2015).

A critical consequence metric is the Potential Loss of Life (PLL), defined
as the number of fatalities per ship‐year. Passenger Ro‐Ro cargo vessels
showed the highest PLL at 1.24 × 10−1 fatalities per ship‐year, reflecting

116



7.2. Scientific Background

the catastrophic potential of flooding events involving ships carrying large
numbers of persons (Guedes Soares & Santos, 2015).

The cumulative risk to a population exposed to a hazard is represented
by the FN curve, which plots the annual frequency F of accidents causing
N or more fatalities against N on logarithmic axes (Rausand, 2014). A risk
acceptance criterion is then a boundary line on the FN diagram: activities
whose FN curve lies entirely below the boundary are deemed tolerable. For
the maritime industry, Kristiansen (2005) reports that the individual risk
acceptance level applied in IMO Formal Safety Assessment studies is approx‐
imately 10−4 per year for crew members and 10−5 per year for passengers,
reflecting theprinciple thatpeoplewhodonot choose thehazard (passengers)
should be exposed to lower risk than thosewho do (seafarers).

Between the clearly acceptable and clearly unacceptable risk regions
lies the ALARP (As Low As Reasonably Practicable) zone. Within this zone,
further risk reductionmeasures are required unless the cost of implementing
them is grossly disproportionate to the safety benefit gained (Kristiansen, 2005;
Rausand, 2014). The ALARP principle is central to the IMO’s Formal Safety
Assessmentmethodology (Section 7.4.5).

7.2.2 Fire Physics Fundamentals

Fire requires three elements: a combustible material (fuel), an oxidiser (oxy‐
gen), and an ignition source of sufficient energy to initiate combustion. The
fire triangle provides the conceptual basis for all fire prevention and suppres‐
sionstrategies: removeanyoneelementandthefirecannotbesustained (Kris‐
tiansen, 2005).

In an enclosed ship compartment, a fire develops through distinct
phases: ignition, growth, flashover, fully developed fire, and decay (Molland,
2008). During the growth phase, the rate of heat release increases as the fire
spreads across the fuel surface. Flashover occurs when the upper layer of hot
gases radiates sufficient thermal flux (∼ 20 kWm−2) to ignite all exposed
combustible surfaces simultaneously, transitioning the fire from localised
burning to fully involved compartment fire (Molland, 2008). After flashover,
compartment temperatures may exceed 1000 ◦C, and the fire becomes
ventilation‐controlled: the rate of combustion is limited by the supply of
fresh air through openings rather than by the fuel surface area (Kristiansen,
2005).

Smoke stratification in ship compartments follows thephysics of buoyant
plumes. The hot combustion products rise to the ceiling, forming a layer that
descends as the fire progresses. In a corridor or stairwell, smoke can travel
horizontally and descend through vertical openings, reducing visibility and
producing toxic conditions far from the fire origin. The fundamental combus‐
tion thermodynamics—heat release rate, flame temperature, and heat trans‐
fer mechanisms—are developed in the Thermodynamics in Marine Engineering
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chapter of the companion volume; this chapter focuses on the safety engin‐
eering implications.

7.2.3 ExplosionMechanics Fundamentals

An explosion is a rapid release of energy that produces a pressure wave.
Two regimes are distinguished by the propagation speed of the combustion
front (Kristiansen, 2005). In a deflagration, the flame front propagates through
the unburnt mixture at a velocity below the speed of sound (subsonic),
driven by thermal conduction and molecular diffusion. In a detonation, the
combustion front couples with a shock wave and propagates at supersonic
velocity, producing overpressures an order of magnitude greater than those
from a deflagration of the same fuel–airmixture.

The peak overpressure ∆p and its duration td determine the structural
response. At distances far from the explosion centre, the blast wave ap‐
proximates a decaying exponential pressure–time history superimposed on
the ambient pressure (Kristiansen, 2005). For shipboard enclosed spaces—
engine rooms, cargo holds, void spaces where flammable vapours may
accumulate—the confinement amplifies the overpressure because the ex‐
panding combustion products cannot vent freely. Hydrocarbon vapour–air
mixtures (e.g. cargo tank atmospheres) are explosive within a flammability
range that, formethane, lies betweenapproximately 5%and 15%byvolume in
air (Kristiansen, 2005). Inerting systems thatmaintain the oxygen concentra‐
tion below the limiting oxygen concentration (LOC) prevent ignition regardless
of the fuel concentration.

7.3 Theoretical Framework

7.3.1 Flooding andDamage Stability

The probabilistic approach to damage stability, now mandated by SOLAS
Chapter II‐1, replaces the earlier deterministic methodology with a frame‐
work that accounts for the statistical distribution of damage extent and the
probability of survival in the damaged condition.

Guedes Soares and Santos (2015) describe the methodology in which the
shipmust achieve an attained subdivision indexA that exceeds a required in‐
dexR. Theattained indexaggregatespartial indicesevaluatedat three loading
draughts—deepest subdivision, partial, and light service—through aweighted
sum (as formulated in the Ship Stability andHydrostatics chapter of the compan‐
ion volume). Each partial index sums the products of a probability factor pi,j
(derived from the statistical distribution of damage length, penetration, and
longitudinal location)andasurvival factorsi,j (basedontheresidualGZcurve)
over all feasible damage scenarios (Guedes Soares & Santos, 2015).

The survival factor si,j captures the physics of damaged floating body
equilibrium: a ship survives if the residual stability provides sufficient
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righting moment to resist external heeling moments from wind, passenger
crowding, and lifeboat launching. The minimum of the intermediate‐stage
and final‐stage survival factors is selected for each damage case (Guedes
Soares & Santos, 2015).

The deterministic damage stability methods described in the following
subsections provide the physical foundation for understanding flooding
consequences.

Lost BuoyancyMethod

The classical deterministic approach to damage stability is the lost buoyancy
method, described by Attwood (1917) and further developed by Rawson and
Tupper (2001). When a compartment is bilged (opened to the sea), the buoy‐
ancy provided by that compartment is lost. The vessel sinks bodily until the
remaining intact waterplane area provides sufficient displaced volume to re‐
store equilibrium.

For a box‐shaped vessel of length L, breadth B, and constant draught T ,
bilging a compartment of length l over half the breadth gives a volume of lost
buoyancy vlost = l × T × (B/2). The bodily sinkage is (Attwood, 1917):

δT =
vlost
Aintact

whereAintact is the areaof the intactwaterplane after damage. If thedamage is
asymmetric (e.g. one side of a centreline bulkhead), the centroid of the intact
waterplane shifts laterally and the vessel heels until the centre of gravity and
the newmetacentre are in the same vertical line (Attwood, 1917).

RawsonandTupper (2001) formalise the lostbuoyancymethodbycomput‐
ing the newmetacentric height after damage:

GMdamaged =
ρ (Iintact − ifs)

∆
−BG+ δBG

where Iintact is the second moment of the intact waterplane about the
centreline, ifs is the free‐surface moment of the floodwater in the damaged
compartment, ∆ is the displacement (unchanged in the lost buoyancy ap‐
proach), and δBG accounts for the change in the vertical distance between
buoyancy centre and gravity (Rawson & Tupper, 2001). The permeability µ
of the damaged compartment—the fraction of the compartment volume
available for flooding—modifies the effective lost buoyancy: typical values
are 0.95–0.97 for empty watertight spaces, 0.85 for machinery spaces, and
0.60–0.70 for cargo holds (Attwood, 1917; Rawson& Tupper, 2001).

AddedWeightMethod

The alternative deterministic approach treats the floodwater as an added
weight rather than as lost buoyancy. Rawson and Tupper (2001) describe
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the procedure: the weight of floodwater w at its centre of gravity is added
to the ship’s displacement, producing a new displacement ∆ + w, a new
centre of gravity, and a new waterline. The added weight method is numer‐
ically equivalent to the lost buoyancy method but can be more convenient
when the floodwater weight is known directly (e.g. from the volume of the
compartment and its permeability) (Rawson& Tupper, 2001).

Floodable Length andMargin Line

Biran (2003) formalise the concept of floodable length: the maximum length
of compartment, centred at any point along the ship’s length, that may be
floodedwithout the vessel sinking below themargin line—a line drawn 76mm
below the upper surface of the bulkhead deck at the ship’s side. For a given
permeabilityµ, the floodable length at each longitudinal position is obtained
by trial: damaged waterlines are computed for progressively longer compart‐
ments until the margin line is just reached. Plotting the floodable length
along the ship produces a floodable‐length curve whose minima indicate the
most critical positions for subdivision. The required number of watertight
bulkheads is determined by dividing the ship into compartments whose
lengths do not exceed the permissible length—the floodable length reduced
by a factor of subdivisionF (F ≤ 1), which is a function of the ship’s length and
the nature of its service (Biran, 2003). This deterministic subdivision design
procedure, although now supplemented by the probabilistic attained index
(as formulated in the Ship Stability and Hydrostatics chapter of the companion
volume), remains the basis for understanding how watertight bulkhead
spacing is established.

7.3.2 Fire Dynamics on Ships

Fire development in ship compartments ismodelled at two levels of complex‐
ity (Molland, 2008). Zonemodels divide the compartment into a small number
of control volumes—typically a hot upper layer and a cooler lower layer—and
solve conservation equations for mass, energy, and chemical species within
each zone. Zonemodels are computationally efficient and provide estimates
of layer temperature, smoke depth, and toxic gas concentrations that are ad‐
equate for design‐stage safety assessment.

Field models (CFD) solve the full Navier–Stokes equations with turbu‐
lence and combustion sub‐models on a three‐dimensional computational
grid. They capture the detailed flow patterns, recirculation zones, and local
temperature gradients that zone models cannot resolve—for example, the
interaction of a fire plume with the ship’s ventilation system or the flow of
smoke through partially open watertight doors. The computational cost is
substantially higher, but CFD is increasingly used for performance‐based fire
safety design (Molland, 2008).
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Figure 7.2: Schematic floodable length curve showing the maximum compartment
length that may be flooded at each longitudinal position without exceeding the mar‐
gin line. The permissible length (dashed) is the floodable length reduced by the factor
of subdivision F . Watertight bulkheads (green lines) must be spaced so that no com‐
partment exceeds the permissible length; the most critical region is near amidships
where the floodable length reaches itsminimum (Biran, 2003).

The thermal response of the steel structure surrounding a fire determ‐
ines whether the structural integrity of decks and bulkheads is maintained.
Steel loses approximately half its yield strength at 550 ◦C (Hughes & Paik,
2010). Fire insulation (A‐class divisions per SOLAS) is designed to keep the
unexposed face temperature below 140 ◦C rise after 60min of standard fire
exposure, providing time for firefighting and evacuation (Kristiansen, 2005).
The underlying heat transfer physics—conduction through insulation and
steel, radiation from the hot gas layer—draws on the principles developed in
the Thermodynamics inMarine Engineering chapter of the companion volume.

7.3.3 Explosion and Blast Loading

The accumulation of flammable gas in enclosed shipboard spaces is a
prerequisite for a vapour cloud explosion. Gases heavier than air (e.g. hy‐
drocarbon vapours, hydrogen sulphide) accumulate in the lower parts of
compartments, while lighter gases (e.g. methane, hydrogen) rise and collect
below deckheads (Kristiansen, 2005). Adequate ventilation—natural or
mechanical—must ensure that the gas concentration remains below the
Lower Explosive Limit (LEL) at all pointswithin the space.

If an explosivemixture is ignited in a partially confined space (e.g. a cargo
pump room or an enclosed section of a product tanker), the pressure gener‐
ated depends on the degree of confinement, the fuel–air stoichiometry, the
presenceof turbulence‐generatingobstacles, andthe ignition location. Turbu‐
lenceproducedbyflowpast structuralmembers (piping, gratings, equipment)
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can accelerate theflame front, increasing theoverpressure above that of a lam‐
inar deflagration by a factor of 5–10 (Kristiansen, 2005).

Thestructural responsetoblast loading isgovernedbythepressure–impulse
(P–I) interaction: a thin panel may survive a high overpressure of very short
duration (impulse‐controlled regime) or amoderate overpressure of long dur‐
ation (quasi‐static regime), but fails when both pressure and impulse exceed
the panel’s resistance (Hughes & Paik, 2010). Blast‐resistant bulkheads on off‐
shore vessels and FPSOs are designed to withstand specified overpressure–
duration combinations derived from explosion consequence analysis.

7.3.4 CollisionMechanics

Guedes Soares and Santos (2015) present a systematic analysis of collision
events using the Technique for the Retrospective and predictive Analysis of
Cognitive Errors in maritime transportation (TRACEr‐MAR). Of 12 collision
cases analysed from official investigation reports, 99% of the bridge team
errors involved the “execution” cognitive domain—that is, errors in carrying
out planned actions rather than in situational awareness or decision‐making
per se (Guedes Soares & Santos, 2015).

The leading error‐producing conditions for collisions were traffic mon‐
itoring failures (27%), inappropriate lookout method (15%), and inadequate
lookout technique (15%). These results indicate that the physics of collision
prevention—radar target detection, visual observation geometry, and the
kinematics of relative motion between vessels—are critical factors in the
accident causal chain (Guedes Soares & Santos, 2015).

The collision event is conventionally divided into external mechanics (the
rigid‐bodydynamics of the twovessels before andduring contact) and internal
mechanics (the structural deformation and energy absorption at the contact
zone) (Rawson& Tupper, 2001).

Intheexternalmechanicsphase, thekineticenergyavailable forstructural
damage isEk = 1

2 (1 + Ca)mV 2 (as given above), where the addedmass coef‐
ficient Ca accounts for the entrained water that moves with the vessel. The
collision angle determines how the kinetic energy is partitioned between the
striking and struck vessels: a right‐angle collision transfers themaximumen‐
ergy to the struck vessel’s side shell, while a glancing blow dissipates energy
in sliding friction and thevessels’ rotational kinetic energy (Rawson&Tupper,
2001).

In the internal mechanics phase, the striking vessel’s bow crushes into
the struck vessel’s side structure. The energy absorbed by structural deform‐
ation depends on the resistance of the side shell, frames, and inner barriers
(double hull). Molland (2008) note that the classical method of Rawson and
Tupper (2001) estimates the volume of damaged material and correlates
it empirically with the absorbed energy. Modern finite element analysis
models the progressive collapse of the structure under the indenting bow,
capturing the sequence of membrane stretching, folding, and rupture of
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individual structural members. The critical outcome is whether the inner
hull (if present) is breached, leading to cargo outflow or flooding of internal
compartments (Rawson& Tupper, 2001).

The structural mechanics of collision are also treated in Section 5.4.4.
Rawson and Tupper (2001) note that the kinetic energy available for struc‐
tural damage is:

Ek = 1
2 (1 + Ca)mV 2

wherem is the striking vessel’s displacement, V is the speed at contact, and
Ca is the addedmass coefficient (Ca ≈ 0.1 for longitudinal motion,Ca ≈ 0.4
for lateral motion) (Rawson & Tupper, 2001). The added mass increases the
effectivekinetic energyby10–40%above thevaluecomputed fromthevessel’s
physicalmass alone.

7.3.5 GroundingMechanics

Grounding events involve the interaction between a ship’s bottom structure
and the seabed. The TRACEr‐MAR analysis of 17 grounding cases reported in
Guedes Soares and Santos (2015) identified that 35% of the errors contribut‐
ing to groundings occurred in the “supervision” cognitive domain, indicating
failures inmonitoring thevessel’s navigational progress andverifying compli‐
ance with the planned track. A further 23% of errors were attributed to the
“situation assessment” domain—failures to correctly interpret available nav‐
igational information (Guedes Soares & Santos, 2015).

These cognitive error patterns have direct physical implications: inaccur‐
ate position estimation leads to insufficient under‐keel clearance, while fail‐
ures in monitoring tidal height and bathymetric data result in contact with
charted hazards. The physics of the ship–seabed interaction then determines
the structural consequences.

Rawson and Tupper (2001) distinguish two grounding scenarios with
different structural consequences. In stranding, the ship grounds over a large
area and comes to rest; the hull girder experiences a change in the shearing
force and bending moment distributions because the ground reaction re‐
places the buoyancy lost by the grounded region. In bottom raking, the ship
moves forward over a sharp obstruction (rock, reef, or wreck), opening the
bottom shell along a considerable length. The energy absorbed by the double‐
bottomstructure—floors, inner bottom, and longitudinal girders—determines
the extent of penetration. Modern double‐hull requirements (MARPOL
Annex I) provide an additional structural barrier that increases the energy
absorption capacity and reduces the probability of cargo outflow (Rawson &
Tupper, 2001).
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7.4 Applications inMaritime Systems

7.4.1 Life‐SavingAppliance Physics

The physics of life‐saving appliances encompasses the dynamics of lifeboat
launching, the mechanics of recovery systems, and the thermophysiology of
cold‐water survival. A gravity davit operates by releasing the lifeboat from
its stowed position and allowing it to swing outboard under gravity along a
curved track. The lifeboatmust clear the ship’s side at any list up to 20◦ and at
anytrim(Kristiansen, 2005). During free‐fall launch, the lifeboatslidesdowna
rampandenters thewaterataspeeddeterminedbytherampangleandheight:
for a ramp height of 15mat 35◦ inclination, the entry speed is approximately
10–12ms−1, and the occupants experience deceleration loads of 6–9 g on wa‐
ter entry (Molland, 2008).

Man‐overboard recovery time is a critical safety metric. A person im‐
mersed in seawater at 5 ◦C can lose consciousness due to hypothermiawithin
30–60min and survive no more than 1–3h without thermal protection, be‐
cause the thermal conductivity of water (∼ 0.6Wm−1 K−1) is approximately
25 times that of still air, producing rapid core cooling (Molland, 2008); for a
concise treatment, see (Fischer‐Cripps, 2014). Lifejackets provide flotation
but minimal thermal insulation; immersion suits extend survival time by
reducing convective heat loss. TheWilliamson turn manoeuvre (Section 7.5)
enables the vessel to return to the person’s position, and the manoeuvring
performance required for this evolution connects to the IMO manoeuvring
standards discussed by Sutulo and Guedes Soares (2023).

7.4.2 Quantitative RiskAssessment (QRA)

A quantitative risk assessment proceeds through a structured sequence:
hazard identification, frequency estimation, consequence modelling, and
risk evaluation (Kristiansen, 2005).

Fault tree analysis (FTA) is a top‐down deductive method that models the
causal pathways leading to a defined top event (e.g. engine room fire). The top
event is decomposed through logic gates (AND, OR) into intermediate and ba‐
sic events. The probability of the top event is computed from the basic event
probabilities using Boolean algebra (Rausand, 2014). For example, an engine
roomfire requires both an ignition source AND a flammable atmosphere; the
latter requires a fuel leak AND inadequate ventilation.

Event tree analysis (ETA) is a forward‐looking inductive method that traces
the sequence of events following an initiating event (e.g. loss of propulsion).
At each branching node, the system either succeeds or fails in executing a
safety barrier (e.g. anchor deployment, tug assistance). The end states of
the event tree represent the possible outcomes (safe recovery, grounding,
collision), each with an associated probability (Kristiansen, 2005; Rausand,
2014).
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The combination of FTA (for frequency estimation) and ETA (for con‐
sequence propagation) provides the quantitative basis for computing the
riskmetrics described in Section 7.2.1: the expected annual frequency of each
outcome, the PLL, and the FN curve (Kristiansen, 2005).

Quantitative risk assessment extends beyond event‐frequency analysis
(Equation 7.1) to encompass the structural dimension of safety: the probability
that the hull girder will sustain the loads imposed during its operational
lifetime. Decò et al. (2012) developed a probabilistic framework that combines
wave load analysis, time‐variant structural degradation, and reliability theory
to compute the probability of hull girder failure under different operational
conditions (headings, speeds, and sea states).

Structural Reliability as a SafetyMetric

The structural reliability index β, defined as (Decò et al., 2012):
Equation 15.2— Structural reliability index:

β = Φ−1(1− Pf ) (7.2)

where Φ−1 is the inverse standard normal cumulative distribution function
andPf is the probability of structural failure, provides a single scalarmeasure
that integrates all sources of uncertainty: loading randomness, material vari‐
ability, geometric imperfections, andmodelling error (Decò et al., 2012). A reli‐
ability indexofβ = 3.0 corresponds toPf ≈ 1.35×10−3;β = 4.0 corresponds
toPf ≈ 3.17× 10−5.

The failureprobability is evaluated fromthe limit state functiong = R−S,
whereR is the structural resistance (ultimatehull girder capacity) andS is the
total applied load (still water pluswave‐induced bendingmoment). The First‐
Order ReliabilityMethod (FORM) linearises the failure surface g = 0 in stand‐
ard normal space and computes β as the shortest distance from the origin to
this surface (Decò et al., 2012).

Redundancy as a SafetyMeasure

Asafety‐critical structure shouldnot onlyhave adequate reliability against ul‐
timate failure but should also possess redundancy—the ability to sustain loads
after partial component failure. Decò et al. (2012) define two redundancy in‐
dices:

Equation 15.3—Redundancy index (intact reserve):

RI1 =
βintact − βfirst

βintact
(7.3)

Equation 15.4—Redundancy index (residual capacity):

RI2 =
βdamaged − βfirst

βdamaged
(7.4)
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where βintact is the reliability index for ultimate system collapse, βfirst is the
reliability index for first component failure (initial yielding or buckling), and
βdamaged is thereliability index for thesystemwithone failedcomponent (Decò
etal., 2012). WhenRI1 = 0, thesystemisnon‐redundant: firstelement failure
immediately triggers system collapse. Positive values indicate that the struc‐
ture has reserve capacity to redistribute loads after local failure.

Decò et al. (2012) demonstrated these concepts for a joint high‐speed
sealift vessel (L = 290m, B = 32m) operating across all headings and
sea states. The polar representations of β and RI showed that the lowest
reliability occurred in head seas at high speed, where the wave‐induced
bending moments are largest. The time‐variant analysis revealed that after
25 years of corrosion, the reliability index dropped from approximately 5.3
to 3.1 for the critical heading, while redundancy indices declined correspond‐
ingly, highlighting the need for inspection‐based maintenance scheduling
informed by reliability predictions (Decò et al., 2012).

Figure 7.3: Time‐variant structural reliability under corrosion. The reliability index β
(Equation 7.2) declines after coating breakdown at Tc ≈ 7 years as the corrosion depth
r(t) = C1(t − Tc)

C2 gradually reduces plate thickness and hull girder capacity. For a
high‐speed sealift vessel, β falls from approximately 5.3 at commissioning to 3.1 after
25 years, approaching theminimum target β = 3.0 (Decò et al., 2012).

7.4.3 Fire Detection and Suppression Systems

Fire detection systems exploit the physical signatures of combustion: heat,
smoke, and infrared/ultraviolet radiation. Thermal detectors respond when
the local temperature exceeds a threshold (typically 57–77 ◦C) or when the
rate of temperature rise exceeds a set value. Optical smoke detectors sense
the scattering of a light beam by smoke particles (photoelectric type) or
the reduction in ionisation current caused by smoke entering an ionisation
chamber (Kristiansen, 2005). Flame detectors respond to the ultraviolet or

126



7.4. Applications inMaritime Systems

infrared radiation emitted by open flames. The choice of detector depends
on the expected fire development rate and the compartment environment:
ionisation detectors respond quickly to fast‐flaming fires, while photoelec‐
tric detectors are more sensitive to slow‐smouldering fires typical of cable
insulation (Molland, 2008).

Sprinkler systems use fusible‐link or glass‐bulb nozzles that open individu‐
allywhen the local ceiling temperature reaches the rated activation temperat‐
ure (commonly 68 ◦C or 79 ◦C). The dischargedwater spray absorbs heat from
the fire gases and wets the surrounding surfaces, controlling fire growth and
preventing flashover (Kristiansen, 2005).

Water mist systems generate fine droplets (< 200µm diameter) that
extinguish fires through a combination of evaporative cooling, oxygen
displacement by steam, and radiation attenuation. Water mist is effective
in enclosed machinery spaces and is increasingly adopted as an alternative
to CO2 flooding, which presents an asphyxiation risk to personnel (Molland,
2008). High‐expansion foam systems are used in large‐volume spaces (vehicle
decks, cargo holds) where the foam blanket smothers the fire by separating
the fuel surface from the oxygen supply (Kristiansen, 2005).

7.4.4 Watertight Integrity

The maintenance of watertight integrity is a prerequisite for both intact and
damage stability. Watertight bulkheads must be capable of withstanding a
head of water up to the bulkhead deck; the structural scantling requirements
aredeterminedbythehydrostaticpressureat the lowestpointof thebulkhead,
p = ρgh, where h is the head of water (Rawson& Tupper, 2001).

Watertight doors penetrating subdivision bulkheads are potential weak
points in the watertight envelope. SOLAS requires that these doors be
operable froma central control station on the bridge and be capable of closing
against a heel of up to 15◦. Sliding watertight doors are hydraulically or
electrically powered, with a closure time not exceeding 60 s and local manual
override capability (Kristiansen, 2005).

Periodic hydrostatic testing of watertight boundaries—pressurising
compartments with water or air and inspecting for leakage—verifies that the
watertight envelope remains intact. Corrosion of the shell plating, deteriora‐
tion of gaskets, andmechanical damage to door sealing surfaces are common
causes of watertight integrity failure. Hull integrity monitoring systems,
using strategically placed water ingress sensors in double‐bottom and void
spaces, provide early warning of flooding before the crew becomes aware
through inclination changes (Molland, 2008).

7.4.5 Formal Safety Assessment (FSA)

The IMOFormal SafetyAssessment (FSA) provides a structuredmethodology
for evaluating the safety of shipping and for formulating regulatory propos‐
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als (Kristiansen, 2005). The FSA process consists of five steps:

1. Hazard identification: systematic identification of all relevant hazards
(collision, grounding, fire, flooding, structural failure) through tech‐
niques such asHAZIDworkshops and analysis of accident databases.

2. Risk analysis: quantification of frequency and consequence for each
hazard scenario, using fault tree and event tree methods (Section 7.4.2)
and statistical data.

3. Risk control options: development of specific measures to reduce
the identified risks (structural improvements, operational procedures,
equipment requirements).

4. Cost–benefit analysis: evaluation of each risk control option using the
Cost ofAvertingaFatality (CAF)metric, definedas thenet costof themeas‐
ure divided by the reduction in PLL. A measure is justified if its CAF is
below the accepted threshold.

5. Recommendations: presentation of the analysis and the recommen‐
ded risk control options to the IMO committee for consideration in
rule‐making.

The FSA framework embodies the ALARP principle (Section 7.2.1): measures
within theALARP region are implementedunless the CAFdemonstrates that
the cost is grosslydisproportionate to thebenefit (Kristiansen, 2005; Rausand,
2014).

7.5 Discussion

The transition from deterministic to probabilistic safety standards marks
a major development in maritime safety engineering (Kristiansen, 2005).
Guedes Soares and Santos (2015) demonstrate this transition through
the damage stability framework (Section 7.3.1), where the deterministic
approach—basedonthesurvivalof afixedsetofprescribeddamagescenarios—
has been replaced by the probabilistic attained subdivision index A, which
integrates over all feasible damage scenarios weighted by their probability of
occurrence.

Theclassical lostbuoyancymethodofAttwood (1917)provides thephysical
foundation thatunderliesbothapproaches: whenacompartment isbreached,
the lost buoyancy causesbodily sinkageand, if asymmetric, heel. Themodern
probabilistic framework (derived in theShipStability andHydrostatics chapterof
the companion volume) generalises this deterministic calculation by weight‐
ing each damage scenario by its probability and evaluating the residual stabil‐
ity rather thanmerely the equilibrium condition.
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The statistical analysis of accident data (Guedes Soares & Santos, 2015) re‐
veals that accident frequencies have generally increased in the period 2000–
2012 compared with 1990–2012, attributable to both increased traffic density
and improved accident reporting practices. This finding has implications for
thecalibrationof riskacceptancecriteria and for thevalidationofprobabilistic
safetymodels.

The structural reliability framework of Decò et al. (2012) extends the prob‐
abilistic approach fromdamage stability to structural strength. The reliability
index β (Equation 7.2) provides a mathematically rigorous measure of safety
that integrates all relevant uncertainties into a single scalar. The time‐variant
decline in β due to corrosion (from 5.3 to 3.1 over 25 years) demonstrates that
the margin of safety is not static: a vessel that comfortably exceeds target re‐
liability at commissioningmay approach critical thresholds within its design
life. The redundancy indicesRI1 andRI2 (Equations7.3–7.4) complementβ by
measuring the structural system’s tolerance topartial failure, providing an ad‐
ditional safety dimension that is not captured by conventional deterministic
design (Decò et al., 2012).

Thefloodable‐lengthmethodology formalisedbyBiran (2003)providesthe
deterministic geometric basis underlying both prescriptive and probabilistic
subdivision standards. By constructing the floodable‐length curve for a given
permeability and margin line, the naval architect identifies the longitudinal
positions where subdivision is most critical; the factor of subdivision F then
scales the floodable length to account for the ship type and service. Although
the IMO now relies on the probabilistic attained indexA (derived in the com‐
panion volume), the floodable‐length concept remains necessary for the ini‐
tial placement of watertight bulkheads and for understanding the physics of
why certain damage locations aremore dangerous than others.

Themanoeuvrability review in Sutulo and Guedes Soares (2023) connects
ship handling performance directly to safety outcomes. The IMO manoeuv‐
ring standards (MSC.137(76)) specify maximum advance, tactical diameter,
and stopping distance as acceptance criteria for new vessels; meeting these
criteria ensures that a ship can avoid collision through emergency man‐
oeuvres or execute a Williamson turn for man‐overboard recovery within
a bounded sea area. The review demonstrates that overshoot angles in the
zig‐zag test and the steady turning radius are governed by the same hydro‐
dynamic derivatives—Y ′

r ,N
′
r , Y

′
v ,N

′
v—that appear in the equations of motion

developed in the ClassicalMechanics and ShipMotion chapter of the companion
volume, establishing a quantitative link between manoeuvring physics and
collision‐avoidance capability (Sutulo & Guedes Soares, 2023).

The engineering course notes of United StatesNaval Academy (2021) com‐
plement the theoretical damage stability frameworkwithpractical laboratory
exercises. Students compute the damaged waterline for prescribed compart‐
mentfloodingscenariosusingboth the lostbuoyancyandaddedweightmeth‐
ods, compare the calculated heel and sinkage with model‐test observations,
andverify that theresidual stabilitysatisfies theapplicablecriteria. TheUSNA
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programme also includes exercises on the Williamson turn—a specific turn‐
ingmanoeuvre designed to bring a vessel back to the reciprocal of its original
track—reinforcing theconnectionbetweenmanoeuvringphysicsandtheman‐
overboard recovery problem (United States Naval Academy, 2021).

The convergence of real‐time sensor data with computational models is
enabling the development of digital twin concepts for ship safety: a continu‐
ously updated virtual replica of the physical vessel that integrates structural
monitoring, stability calculations, and environmental data to predict the ves‐
sel’s safety state in real time (Molland, 2008). Such systems can alert the crew
to developing hazards—progressive flooding, structural fatigue accumulation,
orapproachingstability limits—before theybecomecritical. Thechallenge lies
in the validation and certification of these predictivemodels against the phys‐
ical phenomena described throughout this chapter: the lost buoyancy flood‐
ing mechanics of Attwood (1917), the structural reliability degradation quan‐
tified by Decò et al. (2012), and the probabilistic damage stability framework
derived in the companion volume.

7.6 Conclusion

Maritime safety engineering rests on the quantification of risk as the product
of accident frequency and consequence severity (Equation 7.1). Analysis of
10,841 serious casualty records over 602,998 ship‐years reveals that Ro‐Ro
cargo ships and cruise ships have the highest accident frequencies, while
passengerRo‐Ro vessels carry thehighest potential loss of life (Guedes Soares
& Santos, 2015). The probabilistic damage stability framework (derived in the
Ship Stability and Hydrostatics chapter of the companion volume) supersedes
the deterministic lost buoyancy and added weight methods—though these
remain the physical foundation—by integrating over all feasible damage
scenarios weighted by their probability of occurrence (Attwood, 1917; Guedes
Soares & Santos, 2015; Rawson & Tupper, 2001). The floodable‐length curve,
formalised by Biran (2003), provides the geometric basis for watertight bulk‐
head placement by identifying the longitudinal positions where flooding is
most critical.

The structural dimension of safety is captured by the reliability index
β = Φ−1(1 − Pf ) (Equation 7.2), which integrates loading randomness,
material variability, and modelling error into a single probabilistic measure.
Time‐variant analysis shows that corrosion‐driven degradation reduces β
from 5.3 at commissioning to 3.1 after 25 years, demonstrating that static
safety factors cannot guarantee adequate safety over a vessel’s lifetime (Decò
et al., 2012). The redundancy indicesRI1 andRI2 (Equations 7.3–7.4) comple‐
ment β by measuring tolerance to partial component failure. Human factor
analysis using TRACEr‐MAR reveals that collision errors are overwhelmingly
in the execution domain (99%), while grounding errors divide between
supervision (35%) and situation assessment (23%), establishing the link
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between cognitive failures and the physical consequences of collision kinetic
energy—amplified 10–40% by hydrodynamic addedmass—and bottom raking
structural response (Guedes Soares & Santos, 2015; Rawson & Tupper, 2001).
Ship manoeuvrability standards (advance, tactical diameter, stopping dis‐
tance) translate thehydrodynamicderivativesof the equationsofmotion into
quantitative collision‐avoidance andman‐overboard recovery criteria (Sutulo
& Guedes Soares, 2023; United States Naval Academy, 2021).
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Chapter 8

Environmental Physics in
MaritimeOperations

8.1 Introduction

Environmental physics in the maritime context encompasses the physical
processes that govern the interaction between shipping activities and the
marine environment (Clark, 2001). These include the dispersion of atmo‐
spheric emissions, the fate of oil spills, the propagation of underwater noise
from ships, and the optical and acoustic effects of suspended particles in
seawater. Understanding these processes requires the thermodynamic,
optical, and acoustic principles established in the preceding chapters.

Dera (1992) provided essential background on the physical properties of
suspended particles in seawater and their influence on the optical environ‐
ment, which is directly relevant to environmentalmonitoring and the assess‐
ment of water quality.

8.2 Scientific Background

8.2.1 Combustion Chemistry and Emission Formation

The combustion of marine fuels—primarily heavy fuel oil (HFO) and marine
diesel oil (MDO)—generates a mixture of gaseous and particulate emissions
(Molland, 2008). The dominant species bymass is carbon dioxide (CO2), with
smaller but environmentally significant quantities of nitrogen oxides (NOx),
sulphur oxides (SOx), carbonmonoxide (CO), and particulatematter (PM).

GuedesSoaresandSantos (2015)presentabottom‐upemissionestimation
method in which the total emission from a voyage is calculated as the sum of
contributions from each engine type, fuel type, and voyage phase:

Equation 16.2—Trip emission estimation:

Etrip =
∑
j,m,p

(
EFi,j,m × FCj,m,p

)
(8.1)
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whereEtrip is the emission of pollutant i over a complete trip (tonnes), EFi,j,m
is the emission factor for pollutant i with engine type j and fuel type m
(kg/tonne of fuel), FCj,m,p is the fuel consumption in phase p of the voyage
(tonnes), and the summation runs over engine types j (slow‐, medium‐, high‐
speed diesel, gas turbine, steam turbine), fuel typesm (HFO,MDO/MGO), and
voyage phases p (cruising, manoeuvring, hotelling) (Guedes Soares & Santos,
2015).

Representative emission factors for HFO‐fuelled main engines are: CO2 =
3179 kg/tonne,NOx =87.1 kg/tonne, SOx =46kg/tonne, PM=6.7 kg/tonne, and
CO = 2.5 kg/tonne (Guedes Soares & Santos, 2015). The CO2 factor reflects the
carbon content of the fuel (≈87% forHFO) and the stoichiometry of the oxida‐
tion reaction C+ O2 → CO2.

Figure 8.1: Representative emission factors for heavy fuel oil (HFO) and marine
diesel/gas oil (MDO/MGO) main engines. CO2 dominates by mass (>3100 kg/tonne
fuel), reflecting the carbon content of the fuel and the stoichiometry of combustion.
HFO produces substantially higher SOx and PM emissions thanMDO/MGO due to its
higher sulphur and ash content (Guedes Soares & Santos, 2015).

The emission factors presented above apply to conventional petroleum
fuels. Regulatory limits on sulphur content have been steadily tightened:
the global sulphur cap was reduced from 3.50% to 0.50% m/m effective
1 January 2020, while in designated Emission Control Areas (ECAs) the
limit is 0.10% (Guedes Soares & Santos, 2015; Molland, 2008). Compliance
is achieved either by burning low‐sulphur fuel (MDO/MGO) or by using
exhaust gas cleaning systems (Section 8.4.1) with higher‐sulphur fuels. For
NOx, the IMO Tier III standard applicable in ECAs requires an approximately
80% reduction from the Tier I baseline, typically achieved through selective
catalytic reduction (SCR) or exhaust gas recirculation (EGR) (Molland, 2008).

Alternative fuels—liquefied natural gas (LNG), methanol, and ammonia—
are increasingly adopted to meet these tightening emission standards. LNG
(predominantly methane, CH4) has a lower carbon‐to‐hydrogen ratio than
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HFO, reducing CO2 emissions per unit energy by approximately 20–25%; it
alsoproducesnegligibleSOx andsubstantially reducedNOx andPM(Molland,
2008). However, a complete well‐to‐wake assessment must include upstream
emissions from fuel extraction, processing, and transport, as well as any
unburnt methane released to the atmosphere (methane slip), since methane
has a global warming potential approximately 28–34 times that of CO2 over a
100‐year horizon (Guedes Soares & Santos, 2015).

8.2.2 Atmospheric Dispersion of Pollutants

When pollutants are released from a ship’s exhaust stack, they are transpor‐
ted and diluted by the ambient wind field as they disperse through the atmo‐
spheric boundary layer. The concentration field downwind of a continuous
point source in a steadywind can be described by the Gaussian plumemodel,
in which the cross‐wind and vertical concentration profiles follow Gaussian
distributions (Clark, 2001). Theplumecentreline rises initiallyabovethephys‐
ical stack height due to the buoyancy of the hot exhaust gases and the mo‐
mentumof the discharge; the resulting effective stack height determines the ini‐
tial elevation of the concentrationmaximum.

The rate of plume dispersion depends on the atmospheric stability: in un‐
stable conditions (strong surface heating, convective mixing) the plume dis‐
perses rapidly and ground‐level concentrations are low; in stable conditions
(temperature inversions, calm winds) the plume remains concentrated and
can produce elevated pollutant levels at the surface (Wallace & Hobbs, 2006).
In port areas, the combination of low effective stack heights (ship funnels are
lower than land‐based industrial stacks), proximity to populated areas, and
the concentration of many vessels in a confined waterway can produce local‐
ised SOx, NOx, and PM concentrations that exceed ambient air quality stand‐
ards (Guedes Soares & Santos, 2015). The emission estimation framework of
Equation 8.1 provides the source term for such dispersion calculations.

8.2.3 Suspended Particles in Seawater

Seawater contains significant quantities of suspended particulate matter of
both organic (biological) and inorganic (mineralogical) origin. Dera (1992) re‐
portedmass concentrations ranging from 0.2mgdm−3 in open ocean waters
to over 18mgdm−3 in coastal zones,with organicmatter constituting 14–62%
of the total depending on location.

The size distribution of suspended particles in seawater is well described
by the Junge (hyperbolic) distribution (Dera, 1992, Eq. 2.7.2):

Equation 16.1— Junge particle size distribution:

Nc(D) = kD−m (8.2)

where Nc(D) is the cumulative number concentration of particles with dia‐
meter greater thanD, k is the numerical concentration coefficient, andm is
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the slope coefficient. For the Baltic Sea, typical values arem ≈ 2.8 and k ≈
2 × 106 for particle diameters D > 7µm, andm ≈ 4 and k ≈ 6 × 106 for
D < 7µm (Dera, 1992). The concentration coefficient k varies by orders of
magnitude (104–108) between locations and seasons, while the slope coeffi‐
cientm is comparatively stable.

This particle populationhas direct environmental significance: it controls
the optical clarity of the water column (Chapter 2) by contributing to both
absorption and scattering, thereby determining the depth of the euphotic
zone and the productivity of themarine ecosystem. Anthropogenic additions
to the particulate load—from dredging, ballast water discharge, or land‐based
runoff—alter the natural particle size distribution and can degrade water
quality (Clark, 2001).

Figure 8.2: Junge (hyperbolic) particle size distributions Nc(D) = kD−m (Equa‐
tion 8.2) for three representative marine environments. The concentration coeffi‐
cient k spans orders of magnitude from open ocean to turbid harbour waters, while
the slope coefficientm remains comparatively stable (∼2.8–4.0). The particle popula‐
tion controls the optical properties of thewater column and the depth of the euphotic
zone (Dera, 1992).

8.2.4 Oil Spill Physics

Whenoil is released to thesea surface, it undergoesa sequenceofphysical and
chemicalweathering processes that determine its fate (Clark, 2001).

Spreading. The oil spreads under the influence of gravity, inertia, viscous,
and surface tension forces. The initial gravity–inertia phase produces rapid ra‐
dial spreadingproportional to t1/4 (Fay’s scaling), transitioning to thegravity–
viscous regime (∝ t1/6) and ultimately to the surface‐tension–viscous regime
as the slick thins (Clark, 2001). A 1000 t spill of crude oilmay spread to an area
exceeding 10 km2 within the first 24 hours.
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Evaporation. The lighter hydrocarbon fractions (C5–C12) evaporate from
the slick surface. The evaporation rate depends on the vapour pressure of the
oil fractions, the wind speed, and the slick surface area. For light crude oils,
20–40% of the volumemay evaporate within the first few days; for heavy fuel
oils the fraction is typically less than 10% (Clark, 2001).

Dispersion and emulsification. Wave action breaks the slick into small
droplets that are entrained in thewater column (natural dispersion). Simultan‐
eously, seawater penetrates the oil, forming awater‐in‐oil emulsion (chocolate
mousse) that is more viscous and persistent than the original oil. Emulsific‐
ation increases the apparent volume of the pollutant by a factor of 3–4 and
greatly complicates cleanup (Clark, 2001).

Dissolution and biodegradation. The water‐soluble fractions (low‐
molecular‐weight aromatics) dissolve into the water column, contributing to
toxicity. Natural microbial populations can degrade hydrocarbons through
aerobic oxidation, but the rate depends on nutrient availability, temperature,
and oxygen supply. Complete biodegradation of a major spill takes months
to decades (Clark, 2001).

8.3 Theoretical Framework

8.3.1 Ship Energy Efficiency

TheblockcoefficientCB is a fundamentalhull formparameter that influences
both ship resistance (see the Fluid Dynamics and Ship Resistance chapter of the
companionvolume)andtheenergyefficiencyof thevessel. GuedesSoaresand
Santos (2015) employ the Katsoulis formula to relate the block coefficient to
the principal dimensions and service speed:

Equation 16.3—Block coefficient (Katsoulis):

CB = k · f · L a ·B b · T c · V d (8.3)

where L is the length between perpendiculars, B the beam, T the draught,
V the service speed, and k, f , a, b, c, d are empirically determined coeffi‐
cients (Guedes Soares & Santos, 2015). For the three bulk carriers studied
(35,364–66,533 DWT), the resulting block coefficients ranged from 0.76 to 0.82,
confirming full hull forms typical of cargo vessels.

Because the emission from a voyage is directly proportional to fuel
consumption (Equation 8.1), which in turn depends on the resistance and
propulsive efficiency of the hull, the block coefficient provides a useful
early‐stage predictor of emissions (Papanikolaou, 2014). Guedes Soares and
Santos (2015) derived second‐order polynomial regression formulas relating
annual emissions of each pollutant to CB , enabling emission estimation
even during the pre‐design stage.

The IMO’s regulatory framework for ship energy efficiency employs three
complementary indices (Papanikolaou, 2014). The Energy Efficiency Design
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Index (EEDI) applies to new ships and quantifies the CO2 emitted per unit of
transport work:

EEDI =
CO2 emission [g]

deadweight× speed [tonne · nm]
(8.4)

Thenumerator accounts for themain and auxiliary engine power, the specific
fuel consumption, and the fuel carbon factor, while the denominator uses the
deadweight and the design speed as proxies for transport capacity (Papan‐
ikolaou, 2014). The required EEDI is ship‐type‐dependent and tightens in
phases: Phase 1 required a 10% improvement over the 2013 baseline, with
subsequent phases requiring 20–30% reductions.

The Energy Efficiency Existing Ship Index (EEXI) extends the EEDI concept to
existingships, requiring themtodemonstrate compliancewithanattained in‐
dex calculated from the installed engine power and specific fuel consumption
at a reduced reference speed. Ships whose EEXI exceeds the required value
must implement technical measures such as engine power limitation, waste
heat recovery, or hull and propeller optimisation (Papanikolaou, 2014).

The Carbon Intensity Indicator (CII) is an operational metric that rates each
ship annually based on its actual fuel consumption and distance travelled.
The rating scale (A–E) tightens each year, creating a continuous incentive for
operational efficiency improvement. Measures that improve CII include slow
steaming, weather routing, hull cleaning, and optimal trim (Guedes Soares
& Santos, 2015). The underlying thermodynamic analysis of engine cycle
efficiency is developed in the Thermodynamics inMarine Engineering chapter of
the companion volume.

8.3.2 Greenhouse Gas Emissions and CarbonAccounting

The environmental impact of ship emissions is quantified through Life Cycle
Assessment (LCA), a standardised methodology under ISO 14040. Guedes
Soares and Santos (2015) apply this framework to the hull subsystem of an
oil tanker over a 25‐year life cycle, considering four stages: shipbuilding,
operation,maintenance, and dismantling.

The Life Cycle ImpactAssessment (LCIA) converts the emission inventory
into environmental impact scores using characterisation factors. The impact
score for impact category c is (Guedes Soares & Santos, 2015):

Equation 16.4—Life cycle impact score:

ISc =
n∑

x=1

CFx,c ×mx (8.5)

where CFx,c is the characterisation factor of emission substance xwithin im‐
pact category c (for example, CO2 equivalents for climate change), andmx is
the mass of substance x emitted as recorded in the inventory (Guedes Soares
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& Santos, 2015). The nine emission species covered include CO2, CO, SO2, SOx,
NOx, PM, CH4, volatile organic compounds (VOC), and non‐methaneVOC.

At the damage category level, the impact scores are aggregated into
three areas of protection—human health, ecosystem health, and resource
availability—providing a comprehensive view of the environmental cost of
the vessel across its complete life cycle (Guedes Soares & Santos, 2015).

Figure 8.3: Distribution of life cycle environmental impact across the four stages of an
oil tanker hull (25‐year service life). The operational phase dominates all impact cat‐
egories, contributing>94% of CO2 equivalent, >96% of NOx, and>97% of SOx emis‐
sions (Equation8.5). Shipbuilding,maintenance, anddismantling together account for
less than 6% of the total life cycle impact (Guedes Soares & Santos, 2015).

The IMO’s initial strategy on the reduction of greenhouse gas emissions
from ships sets targets of at least 40% reduction in CO2 emissions per trans‐
port work by 2030 (relative to 2008) and a 50% reduction in total annual GHG
emissions by 2050 (Guedes Soares & Santos, 2015). Achieving these targets re‐
quiresacombinationofenergyefficiency improvements (Section8.3.1), thead‐
optionof low‐ and zero‐carbon fuels (Section8.4.2), andoperationalmeasures.

The well‐to‐wake carbon accounting framework extends the tank‐to‐wake
emissions quantified by the trip emission formula (Equation 8.1) to include
the upstream (well‐to‐tank) emissions from fuel production, processing, and
transport. For conventional fuels, the well‐to‐tank emissions are approxim‐
ately 10–20%of the total; for alternative fuels, this fraction can bemuch larger
due to the energy‐intensive production processes (e.g. electrolysis for hydro‐
gen, Haber–Bosch synthesis for ammonia) (Guedes Soares & Santos, 2015). A
fuel that appears zero‐carbon on a tank‐to‐wake basis may have substantial
well‐to‐tank emissions if the production energy is derived from fossil sources.
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8.3.3 BallastWater Treatment Physics

Ballastwater taken on in one biogeographic region and discharged in another
can transfer invasive aquatic species—bacteria, algae, larvae, and small
organisms—with potentially severe ecological consequences (Clark, 2001).
The IMOBallastWaterManagement Convention (D‐2 standard) requires that
discharged ballast water contain no more than 10 viable organisms per cubic
metre for organisms ≥ 50µm in minimum dimension, and no more than
10 permillilitre for organisms in the 10–50µm range.

Treatment systems exploit several physical mechanisms. UV irradiation
systems expose the ballast water to ultraviolet radiation at a wavelength
of approximately 254nm (the germicidal peak), where the photon energy
(E = hc/λ ≈ 4.9 eV) is sufficient to damage the DNA of microorganisms,
preventing replication; for a concise treatment, see (Fischer‐Cripps, 2014).
The required dose depends on the target organism; typical treatment systems
deliver 40–100mJ cm−2 (Dera, 1992). The UV transmittance of the water—a
function of the dissolved and particulate matter (Section 8.2.3)—determines
the penetration depth and thus the reactor design.

Electrochlorination systems generate sodium hypochlorite by electrolysis
of theseawater itself, exploiting thechloride ioncontent (∼ 19 g L−1) as a feed‐
stock. The generated active chlorine (5–15mgL−1) oxidises and destroys mi‐
croorganisms. Asubsequentneutralisationstep reduces the residual chlorine
to below 0.1mgL−1 before discharge (Clark, 2001).

Filtration systems (typically 40–50µmmesh) physically remove the larger
organisms and sediment from the ballast water before secondary treatment.
The combination of filtrationwithUVor electrochlorination achieves theD‐2
standard across a range of sourcewater qualities (Clark, 2001).

8.3.4 UnderwaterNoise andMarine Ecosystem Impact

The underwater radiated noise (URN) of ships and its impact on marine
ecosystems constitute a growing environmental concern that links the
acoustic physics of Chapter 6 to the environmental regulatory framework of
this chapter.

Ship noise is dominated bypropeller cavitation,machinery vibration, and
hydrodynamic flownoise, with typical broadband source levels of 170–190 dB
re 1µPa at 1m (Urick, 1983). The cumulative effect of global shipping raises
ambient noise levels in the 10–500Hz band by 10–15 dB above natural levels,
masking the communication signals of baleenwhales andothermarinemam‐
mals (Medwin & Clay, 1998; Urick, 1983).

The Sound Exposure Level (SEL) integrates the received sound pressure
squared over the duration of the exposure, providing a cumulative dose
metric relevant to physiological harm:

SEL = 10 log10

(∫ T

0

p2(t) dt

)
− 10 log10(p

2
ref · tref) (8.6)
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where p(t) is the instantaneous sound pressure, T is the exposure duration,
pref = 1µPa, and tref = 1 s (Medwin & Clay, 1998). Fish and invertebrates
can experience behavioural changes (avoidance, altered feeding) at lower SEL
thresholds thanmammals, but theevidencebase for sublethal effects remains
incomplete (Clark, 2001).

Mitigation strategies include propeller design modifications to delay
cavitation inception, vibration isolation of main engines, hull fairing, and
operational measures such as speed reduction in ecologically sensitive
areas—the dominant effect, since radiated noise scales approximately as
V 5–V 6 with ship speed (Urick, 1983).

8.4 Applications inMaritime Systems

8.4.1 Exhaust Gas Cleaning Systems (Scrubbers)

Exhaust gas cleaning systems (scrubbers) enable ships burning high‐sulphur
fuel oil tomeet the SOx emission limits by removing sulphur oxides from the
exhaust streambefore discharge to the atmosphere (Molland, 2008).

Inan open‐loop scrubber, seawater—which isnaturally alkaline (pH ≈ 8.1)—
is sprayed through the exhaust gas in a packed‐bed or spray tower. The SOx

dissolves and reacts with the seawater alkalinity, forming sulphate ions that
are discharged overboard with the washwater. The chemical process is essen‐
tially an acid–base neutralisation: SO2 + H2O + 1

2O2 → H2SO4, with the sul‐
phuric acid immediately neutralised by the bicarbonate and carbonate ions
in seawater. Open‐loop systems achieve SOx removal efficiencies exceeding
95%butproduce largevolumesof acidifiedwashwater, raising concerns about
local water quality in enclosed port areas (Molland, 2008).

In a closed‐loop system, a recirculating alkaline solution (typically NaOH‐
dosed freshwater) absorbs theSOx and isperiodically cleanedandreplenished.
The spent sludge is stored on board for shore disposal. Closed‐loop systems
avoid seawater discharge but require chemical reagent supply and sludge
handling.

Hybrid scrubbers can operate in either mode, switching between open‐
loop at sea and closed‐loop in restricted waters. All configurations must
also address the co‐removal of particulate matter and polycyclic aromatic
hydrocarbons entrained in the exhaust (Molland, 2008).

8.4.2 Alternative Fuels and Energy Sources

The transition from conventional petroleum fuels to low‐ and zero‐carbon al‐
ternatives involves fundamental changes in fuel properties, storage, and com‐
bustion characteristics (Molland, 2008).

Liquefied Natural Gas (LNG). Methane (CH4) is stored at −162 ◦C and
atmospheric pressure in cryogenic tanks, with a volumetric energy density
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approximately 40% lower than that of HFO. Combustion produces approx‐
imately 20–25% less CO2 per unit energy than HFO, negligible SOx, and
significantly reduced NOx and PM due to the gaseous premixed flame. Meth‐
ane slip—unburnt methane released through the exhaust—remains a concern
because ofmethane’s high globalwarmingpotential (Guedes Soares&Santos,
2015;Molland, 2008).

Methanol andammonia.Methanol (CH3OH) is a liquid at ambient condi‐
tions, simplifying storage and handling compared to LNG. It contains no sul‐
phur and produces lower PM emissions than HFO. Ammonia (NH3) is a zero‐
carbon fuel at the point of combustion but is toxic (occupational exposure
limit 25 ppm), requiring stringent safety measures (Kristiansen, 2005). Both
fuels have lower volumetric energy densities than HFO, requiring larger fuel
tanks for equivalent range.

Wind‐assisted propulsion. Rotor sails (Flettner rotors), rigid wing sails,
and kite systemsharnesswind energy to supplementmechanical propulsion,
reducing fuelconsumptionbyanestimated5–30%dependingontherouteand
wind conditions (Molland, 2008). The aerodynamic lift force on a spinning
Flettner rotor exploits theMagnus effect: the circulation induced by the rotat‐
ing cylinder produces a force perpendicular to the apparent wind, propelling
the vessel forward.

The fuel cell converts the chemical energy of a fuel (hydrogen, methanol,
or ammonia) directly into electrical energy through electrochemical reac‐
tions, bypassing the Carnot limitation of heat engines. Proton exchange
membrane (PEM) fuel cells operating on hydrogen achieve electrical efficien‐
cies of 50–60%, approximately double the efficiency of a typicalmarine diesel
engine (Molland, 2008). The thermodynamic analysis of these conversion
processes is developed in the Thermodynamics in Marine Engineering chapter
of the companion volume.

8.4.3 Oil Spill Response Physics

When an oil spill occurs, the response strategymustmatch the physical state
and behaviour of the oil, which evolves through the weathering processes de‐
scribed in Section 8.2.4.

Mechanical containment. Booms are floating barriers deployed around
the slick to prevent lateral spreading. The boom must extend sufficiently
above (freeboard) and below (skirt depth) the water surface to contain the
oil under the action of wind, waves, and current. In currents exceeding ap‐
proximately 0.35ms−1 (∼ 0.7 knot), oil entrainment beneath the boom skirt
causes failure of containment (Clark, 2001). Skimmers remove the contained
oil from the water surface by adhesion (oleophilic drum or disc), suction, or
weir overflow.

Chemical dispersants. Dispersants are surfactants that reduce the oil–
water interfacial tension, enabling wave energy to break the slick into small
droplets (10–100µm) that disperse naturally in the water column, greatly in‐
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creasing the surface area available for biodegradation (Clark, 2001). The effect‐
iveness depends on the oil viscosity, sea state, and temperature; dispersants
are less effective onweathered, emulsified oil.

In‐situ burning. Controlled ignition of the oil slick can remove large
volumes rapidly (evaporation rates of 1–3mmmin−1 of slick thickness), but
requires aminimum slick thickness (> 2–3mm), calm seas, and fire‐resistant
booms to concentrate the oil. The smoke plume contains particulate matter
and combustion products that must be factored into the environmental
trade‐off (Clark, 2001).

Bioremediation. The application of nutrients (nitrogen, phosphorus)
to stimulate natural microbial hydrocarbon degradation accelerates the
ultimate breakdown of the oil, particularly the aromatic fractions that are
most persistent and toxic (Clark, 2001).

8.4.4 Antifouling andHull Coatings

Marine biofouling—the colonisation of the ship’s underwater hull by algae,
barnacles, tubeworms, and other organisms—increases the hull surface
roughness and hence the frictional resistance. A heavily fouled hull can ex‐
perience a resistance increase of 30–40% relative to a freshly painted surface,
with a corresponding increase in fuel consumption and emissions (Molland,
2008).

Thephysicsof foulingattachment involvesasequenceof stages: (1) adsorp‐
tion of organic molecules to form a conditioning film within minutes of im‐
mersion; (2) colonisation by bacteria and diatoms forming a biofilm (microfoul‐
ing) within days; (3) settlement of macrofouling organisms (barnacles, mus‐
sels, algae) within weeks. The rate and severity of fouling depend on the sea
surface temperature, salinity, light availability, and the time a vessel spends
in port relative to time at sea (Clark, 2001).

Antifouling coatings prevent or inhibit fouling settlement. Biocidal coatings
release a toxic compound (typically copper‐based, after the global ban on
tributyltin, TBT) at a controlled rate by ablation of the paint matrix; the
ablation also provides a self‐polishing effect that maintains a smooth sur‐
face (Clark, 2001). Fouling‐release coatingsuse low‐surface‐energypolymers (e.g.
silicone elastomers) that form a surface to which organisms adhere weakly
and are removed by the hydrodynamic shear forces at the hull boundary
layer when the vessel is underway (Molland, 2008). The frictional resistance
penalty from fouling is analysed quantitatively in the Fluid Dynamics and Ship
Resistance chapter of the companion volume.

8.4.5 WasteHeat Recovery

Waste heat recovery (WHR) systems capture a portion of the thermal energy
rejected in the engine exhaust gases and jacket coolingwater, converting it to
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useful work or electrical power. The exhaust gas temperature of a large two‐
strokemarine diesel engine at the turbocharger outlet is typically 240–300 ◦C,
representing approximately 25% of the fuel input energy (Woodyard, 2009).

The most common WHR arrangement uses an exhaust gas economiser
(waste heat boiler) to generate steam,whichdrives a steam turbine connected
to a generator. In more advanced combined‐cycle configurations, a supple‐
mentary power turbine on the turbocharger shaft also generates electricity.
The combined thermal efficiency of the diesel‐WHRsystemcan reach 52–55%,
compared to 48–50% for the diesel engine alone (Woodyard, 2009).

The thermodynamic analysis of theRankine steam cycle and the available
exergy in the exhaust stream is developed in the Thermodynamics in Marine
Engineering chapter of the companion volume. From the environmental per‐
spective, WHR reduces the specific fuel consumption per unit of total power
output, directly loweringCO2, NOx, SOx, andPMemissionswithout requiring
anychange to the fuel type. Fora typical large container ship,WHRcanreduce
annual CO2 emissions by approximately 4–8% (Guedes Soares & Santos, 2015;
Woodyard, 2009).

8.5 Discussion

Theenvironmental physics of theocean is governedby the same fundamental
properties—density, optical absorption/scattering, and acoustic propagation—
that determine the behaviour of seawater as a physical medium. The Junge
particle size distribution (Equation 8.2) connects theparticulate environment
to the optical clarity of thewater column (Chapter 10): increased particle load‐
ing raises the attenuation coefficient c = a + b, reduces the depth of the
euphotic zone, and alters the spectral composition of underwater light
(Dera, 1992). Similarly, underwater noise from shipping (Chapter 14) must be
assessed in the context of the acoustic propagation environment created by
the temperature, salinity, and pressure profiles discussed in Chapters 8 and 12
(Clark, 2001).

The emission estimation framework of Guedes Soares and Santos (2015)
demonstrates two complementary approaches: the bottom‐up trip emission
calculation (Equation 8.1), which quantifies operational emissions from fuel
consumption data, and the life cycle impact assessment (Equation 8.5), which
extends the analysis across the full cradle‐to‐grave life cycle of the vessel. The
regression‐based approach linking emissions to block coefficient CB (Equa‐
tion 8.3) connects hull form design to environmental performance, enabling
emissions to be considered as early as the pre‐design stage.

The trajectory toward decarbonisation of international shipping requires
a portfolio approach: no single technology or fuel can deliver the≥50% GHG
reduction targetby2050 (GuedesSoares&Santos, 2015). Theenergyefficiency
regulatory instruments (EEDI, EEXI, CII; Section 8.3.1) address the design and
operational dimensions,while the alternative fuels andWHRtechnologies of
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Sections 8.4.2 and 8.4.5 address the fuel carbon intensity. The life cycle impact
assessment framework (Equation 8.5) provides the analytical tool for compar‐
ing these options on a consistentwell‐to‐wake basis.

The environmental trade‐offs are complex: scrubbers (Section 8.4.1) solve
the air quality problem but transfer pollutants to the water; LNG eliminates
SOx but introduces methane slip risk; antifouling coatings (Section 8.4.4) re‐
duce resistanceandemissionsbutmayreleasebiocides to themarineenviron‐
ment. The optimization of these trade‐offs requires the quantitative physics‐
based analysis developed throughout this chapter, underpinned by the fun‐
damental oceanographic properties—optical, acoustic, and thermodynamic—
of the marine environment (Clark, 2001; Dera, 1992; Guedes Soares & Santos,
2015).

8.6 Conclusion

The environmental physics of maritime operations links the fundamental
properties of seawater—density, optical absorption and scattering, acoustic
propagation—to the assessment of anthropogenic impacts. Suspended
particles in seawater follow the Junge distribution Nc(D) = kD−m (Equa‐
tion 8.2), with the concentration coefficient k spanning orders of magnitude
between open ocean (∼ 104) and coastal/harbour waters (∼ 107–108) (Dera,
1992). This particle populationgoverns theoptical clarity of thewater column:
anthropogenic inputs from dredging, ballast water discharge, and land‐based
runoff alter the natural size distribution, raising the attenuation coefficient
and reducing the euphotic zone depth with direct consequences for ecosys‐
tem productivity (Clark, 2001). The bottom‐up trip emission framework
(Equation 8.1) quantifies operational emissions from fuel consumption and
engine‐specific emission factors, while the life cycle impact assessment
(Equation 8.5) extends the analysis across the vessel’s full cradle‐to‐grave
trajectory, with the operational phase dominating all impact categories
at >94% of the total (Guedes Soares & Santos, 2015). The regression‐based
link between hull block coefficient CB (Equation 8.3) and annual emissions
enables environmental performance to be considered as early as the pre‐
design stage, bridging hull form hydrodynamics (see the Fluid Dynamics
and Ship Resistance chapter of the companion volume) and environmental
regulation (Guedes Soares & Santos, 2015; Papanikolaou, 2014).
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List of Abbreviations

Abbreviation Definition

AAF Amplitude Amplification Factor
ADCP Acoustic Doppler Current Profiler
AIS Automatic Identification System
ALARP As LowAs Reasonably Practicable
ARPA Automatic Radar Plotting Aid
AUV AutonomousUnderwater Vehicle
BVP Boundary‐Value Problem
CAF Cost of Averting a Fatality
CFD Computational Fluid Dynamics
CII Carbon Intensity Indicator
COLREGs International Regulations for Preventing Collisions at

Sea
CPA Closest Point of Approach
CTD Conductivity–Temperature–Depth (oceanographic pro‐

filer)
DALR DryAdiabatic Lapse Rate
DOP Dilution of Precision
DSL Deep Scattering Layer
ECA Emission Control Area
ECDIS Electronic Chart Display and Information System
EEDI Energy Efficiency Design Index
EEXI Energy Efficiency Existing Ship Index
EGNOS European GeostationaryNavigationOverlay Service
EGR Exhaust Gas Recirculation
ELR Environmental Lapse Rate
ENC Electronic Navigational Chart
EOS Equation of State (of Seawater)
ETA Event Tree Analysis
FLS Forward‐Looking Sonar
FOG Fibre Optic Gyroscope
FORM First‐Order ReliabilityMethod
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Abbreviation Definition

FSA Formal Safety Assessment
FTA Fault Tree Analysis
GBS Goal‐Based Standards
GNSS Global Navigation Satellite System
GPS Global Positioning System
HF High Frequency
HFO Heavy Fuel Oil
IACS International Association of Classification Societies
IMO InternationalMaritimeOrganization
INS Inertial Navigation System
ITCZ Intertropical Convergence Zone
JONSWAP Joint North SeaWave Project
LAT Lowest Astronomical Tide
LCA Life Cycle Assessment
LCIA Life Cycle Impact Assessment
LEL Lower Explosive Limit
LNG LiquefiedNatural Gas
LOC Limiting Oxygen Concentration
LRIT Long Range Identification and Tracking
MBES Multi‐BeamEcho Sounder
MDO Marine Diesel Oil
MF MediumFrequency
MGO Marine Gas Oil
MMSI MaritimeMobile Service Identity
NLSE Nonlinear Schrödinger Equation
NOx NitrogenOxides
P–I Pressure–Impulse (interaction diagram)
PEM Proton ExchangeMembrane
PLL Potential Loss of Life
PM ParticulateMatter; also Pierson–Moskowitz (spectrum)
PSS Practical Salinity Scale
QRA Quantitative Risk Assessment
RCS Radar Cross Section
RLG Ring Laser Gyroscope
ROV Remotely Operated Vehicle
RTK Real‐Time Kinematic (positioning)
SALR Saturated Adiabatic Lapse Rate
SBAS Satellite‐Based Augmentation System
SBES Single‐BeamEcho Sounder
SCF Stress Concentration Factor
SCR Selective Catalytic Reduction
SHM SimpleHarmonicMotion
SOx Sulphur Oxides
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Abbreviation Definition

SOFAR Sound Fixing and Ranging
SOLAS Safety of Life at Sea
SOTDMA Self‐Organising TimeDivisionMultiple Access
SSS Side‐Scan Sonar
SST Sea Surface Temperature
TBT Tributyltin
TCPA Time to Closest Point of Approach
TRACEr‐MAR Technique for theRetrospective andPredictiveAnalysis

of Cognitive Errors inMaritime Transportation
UKC Under‐Keel Clearance
URN Underwater RadiatedNoise
UV Ultraviolet (radiation)
VDR VoyageData Recorder
VHF VeryHigh Frequency
VLCC Very Large Crude Carrier
VOC Volatile Organic Compounds
WAAS WideArea Augmentation System
WHR WasteHeat Recovery
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Glossary

Acoustic impedance
Product of medium density and sound speed, Z = ρ c; governs the reflec‐
tion and transmission of acoustic energy at interfaces between media of
different properties.

Airywave theory
Linear wave theory describing surface gravity waves through a linearised
boundary‐valueproblem for thevelocitypotential; validwhenwave steep‐
ness ka≪ 1.

Amphidromic point
Point in theoceanwhere tidal amplitude is zero; tidal co‐phase lines rotate
around suchpoints, and the amplitude increaseswith distance from them.

Antifouling coating
Surface treatment that prevents or inhibits settlement of marine or‐
ganisms on ship hulls, maintaining surface smoothness and reducing
frictional resistance.

Attained subdivision index
Probabilistic measure of a ship’s damage stability obtained by summing,
over all feasible flooding scenarios, the product of the probability of each
damage case and its corresponding survival factor.

Ballastwater treatment
Physicalorchemicalprocesses—filtration,UVirradiation, electrochlorination—
applied to ballast water to eliminate invasive aquatic species before
discharge in a different biogeographic region.

Baroclinic
Fluid condition in which density surfaces and pressure surfaces are
inclined to one another, producing horizontal density gradients that drive
geostrophic currents.

Beaufort scale
Empirical wind force scale relating sea state appearance to wind speed;
ranges fromForce 0 (calm) to Force 12 (hurricane).
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Bendingmoment
Internal rotational forceatanycross‐sectionof thehull girder, arising from
thedifferencebetweenweightandbuoyancydistributionsalong theship’s
length.

Biofouling
Colonisation of submerged surfaces by marine organisms (algae,
barnacles, mussels) that increases surface roughness and hull frictional
resistance.

Bore
Translating front of elevated water that propagates into a region of lower
water depth under gravity; occurs in tidal rivers, tsunamis, and as a limit‐
ing case of cnoidal waves.

Brunt–Väisälä frequency
Maximum oscillation frequency for internal gravity waves in a density‐
stratified fluid;N =

√
−(g/ρ) dρ/dz.

Bryan plate buckling stress
Critical compressive stress at which a flat rectangular plate buckles elast‐
ically; depends on the plate aspect ratio, thickness, and boundary condi‐
tions.

Buys Ballot’s law
Navigation rule: facing the wind in the Northern Hemisphere, the centre
of the low‐pressure system lies approximately 90◦ to the right.

Capillarywave
Surface wave with period ∼0.1 s restored by surface tension rather than
gravity; the first ripples generated bywind stress on a calm surface.

Cavitation
Formation of vapour‐filled cavities when local pressure falls below the
vapour pressure; a dominant source of propeller noise and structural
erosion.

Celerity
Phase velocity of a wave; the speed at which an individual wave crest
propagates.

Chemical relaxation
Molecular structural rearrangements in seawater (involving MgSO4

and H3BO3) that dissipate acoustic energy at characteristic frequency‐
dependent rates.

Cnoidalwave
Nonlinear shallow‐water wave whose surface profile is expressed using
Jacobi elliptic functions; includes the solitary wave as a limiting case
when the ellipticmodulus approaches unity.
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Coastal upwelling
Vertical watermotion driven by alongshorewind and Ekman transport di‐
vergence, bringing cold nutrient‐rich deepwater to the surface.

Collisionmechanics
Physics of ship‐to‐ship or ship‐to‐object impact, divided into external
mechanics (rigid‐body dynamics and hydrodynamic added mass) and
internalmechanics (structural deformation and energy absorption).

Convergence zone (acoustic)
Annular region at approximately 50–65 km range where refracted sound
rays converge, producing anomalously high intensity; a key long‐range
propagationmechanism in deepwater.

Coriolis effect
Apparent deflection of moving objects in a rotating reference frame; de‐
flects ocean currents and winds to the right in the Northern Hemisphere
and to the left in the SouthernHemisphere.

Corrosionwastage
Progressive loss of structural plate thickness due to chemical oxidation
and electrolytic action in the marine environment; reduces hull girder
sectionmodulus over time.

Cumulative fatigue damage
Sum of fractional damage increments from each stress cycle experienced
by a structural detail; failure is predicted when the Palmgren–Miner sum
reaches unity.

Dangerous semicircle
The right‐hand half (Northern Hemisphere) of a tropical cyclone’s circula‐
tion, where the storm’s translational velocity adds to the rotational wind
speed.

Dead reckoning
Navigation by advancing a known position along a known heading using
estimated speed and elapsed time, without external position fixes.

Deep scattering layer
Concentrationofsound‐reflectingorganisms(fish, zooplankton)atdepths
of 300–700m that produces volume reverberation andmigrates diurnally
toward the surface.

Deflagration
Subsonic combustion propagation driven by thermal conduction andmo‐
lecular diffusion, producingmoderate overpressures in confined spaces.
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Detonation
Supersonic combustion coupled with a shock wave, producing overpres‐
sures an order ofmagnitude greater than deflagration of the same fuel–air
mixture.

Deviation (magnetic compass)
Angular difference between the compass‐indicated magnetic north and
truemagnetic north, caused by the ship’s own ferromagnetic structure.

Diffuse attenuation coefficient (Kd)
Exponential decay rate of downward irradiance with depth in seawater;
varies withwavelength andwater type across the Jerlov classification.

Directional spreading function
Mathematical description of howwave energy distributes across propaga‐
tion directions; typically modelled using a cosine‐power form centred on
the dominantwave direction.

Dispersion relation
Frequency–wavenumber relationship for propagating waves: ω2 =
gk tanh(kh) for surface gravity waves, linking wave period, wavelength,
andwater depth.

Doppler effect
Frequencyshift observedwhenasoundsourceandobserverare in relative
motion; exploited inADCP current profiling and sonar target speed estim‐
ation.

Double diffusion
Convective instabilities in the ocean arising from the vastly different mo‐
lecular diffusivities of heat (∼10−7 m2/s) and salt (∼10−9 m2/s).

Ekman spiral
Rotation and exponential decay of the current velocity vector with depth
in the wind‐driven surface boundary layer, resulting from the balance of
Coriolis force and eddy viscosity.

Ekman transport
Depth‐integrated mass transport in the Ekman layer, directed 90◦ to the
right of the wind stress in the Northern Hemisphere; independent of the
eddy viscositymagnitude.

Envelope soliton
Exact solution of the nonlinear Schrödinger equation representing a
stable, localised wave group in which dispersive spreading and nonlinear
self‐focussing balance.
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Euphotic zone
Sunlit upper ocean layerwhere downward irradiance exceeds 1% of its sur‐
face value; supports photosynthesis and primary production.

Event tree analysis
Forward‐looking probabilisticmethod that traces branching sequences of
barrier successes and failures following an initiating event toquantify out‐
come probabilities.

Exergy
Maximumuseful work extractable from a thermodynamic flow stream re‐
lative to the ambient environment; governs the potential of waste heat re‐
covery systems.

Faraday’s law
The induced electromotive force in a closed conducting loop equals the
negative rate of change of magnetic flux through the loop; foundation of
electromagnetic induction.

Fault tree analysis
Top‐down deductive method that identifies the logical combination of
component failures leading to a defined top event (accident or system
failure).

Fetch
Horizontal distance over openwater alongwhichwind acts on the sea sur‐
face; determines the energy input and thus thewave growth potential.

Flashover
Rapid transition from localised fire to fully involved compartment fire, oc‐
curringwhen the upper hot gas layer radiates sufficient flux (∼20 kW/m2)
to ignite all exposed combustible surfaces.

Flettner rotor
Spinning vertical cylinder that generates lateral aerodynamic lift via the
Magnus effect; used as awind‐assisted ship propulsion device.

Floodable length
Maximumcompartment length, centredatanylongitudinalposition, that
may be floodedwithout the vessel sinking below themargin line.

Formal safety assessment
IMO’s structured five‐step methodology—hazard identification, risk ana‐
lysis, riskcontroloptions, cost–benefitassessment, andrecommendations—
for developing risk‐basedmaritime regulations.

Frontal system
Boundary between air masses of different temperature and humidity;
includes warm fronts, cold fronts, and occluded fronts that govern
mid‐latitudeweather.
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Fully developed sea
Equilibriumwave state inwhich further energy input from thewind is bal‐
anced by dissipation andnonlinear transfer; waveheight andperiod reach
theirmaxima for the givenwind speed.

Gaussian plumemodel
Atmospheric dispersion model in which pollutant concentration follows
Gaussiandistributions transverse andvertical to thewinddirectiondown‐
wind of the stack.

Geometric spreading
Reduction in acoustic intensity with range due to the expansion of wave
fronts; spherical spreadinggivesTL = 20 log10Randcylindrical spreading
gives 10 log10R.

Geostrophic current
Ocean current in which the horizontal pressure gradient force is exactly
balanced by the Coriolis force, producing flow along isobars.

Globalwarming potential
Relative climate forcing factor for a greenhouse gas compared to CO2 over
a specified time horizon; methane has a 100‐year GWP of approximately
28–34.

Group velocity
Speed at which the energy envelope of a wave packet propagates; equals
half the phase velocity for deep‐water gravitywaves.

Hadley cell
Large‐scale atmospheric circulation cell between the equator and approx‐
imately 30◦ latitude, driven by tropical heating and poleward heat trans‐
port.

Hogging
Hull girder bending condition in which the midship region is supported
on a wave crest while the bow and stern are in troughs, producing tensile
stress in the deck and compressive stress in the bottom.

Hull girder
The ship treated as a free–free beam subject to distributed weight and
buoyancy loads; the primary structural model for longitudinal strength
analysis.

JONSWAP spectrum
Fetch‐limited wave energy spectrum developed from the Joint North
Sea Wave Project; extends the Pierson–Moskowitz spectrum with a
peak‐enhancement factor γ.
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Jerlovwater types
Classification scheme for ocean optical properties based on the diffuse at‐
tenuationcoefficientKd; ranges fromTypeI (clearopenocean) toCoastal9
(highly turbid).

Life cycle assessment
Standardisedmethodology (ISO 14040) for quantifying the environmental
impact of a product or systemover its entire life—fromrawmaterial extrac‐
tion through disposal.

Lost buoyancymethod
Damaged stability calculation technique in which the flooded compart‐
ment volume is removed from the intact buoyancy, and the vessel’s
equilibrium is recomputedwithout the flooded volume.

Margin line
Reference line drawn 76mmbelow theupper surface of the bulkhead deck
at the ship’s side; defines the submergence limit for deterministic damage
stability assessment.

Methane slip
Unburnt methane released to the atmosphere from LNG‐fuelled engines;
must be accounted for inwell‐to‐wakegreenhouse gas assessments due to
methane’s high global warming potential.

Modulational instability
(Benjamin–Feir instability.) Growthof sidebandperturbations in a regular
deep‐water wave train when the wave steepness exceeds a threshold; can
lead to roguewave formation.

Normalmode theory
Decomposition of the underwater acoustic field into a sum of discrete
depth‐dependent modes, each propagating horizontally with its own
phase and group velocity.

Parabolic equationmethod
Efficient numerical technique for solving the full‐wave acoustic propaga‐
tion problem in range‐dependent ocean environments with variable ba‐
thymetry and sound speed.

Palmgren–Miner rule
Linear damage accumulation hypothesis: fatigue failure occurs when∑
ni/Ni = 1, where ni is the number of cycles at stress range i andNi is

the corresponding fatigue life.

Peregrine breather
Exact solution of the nonlinear Schrödinger equation that is localised in
both space and time, reaching anamplitude amplification factor of exactly
three; a candidatemechanism for roguewaves.
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Permeability
Fractionof a compartment’s volumeactually occupiable byfloodwater, ac‐
counting for structure,machinery, and cargo; used in damage stability cal‐
culations.

Pierson–Moskowitz spectrum
Fully developed wind‐wave energy spectrum parameterised solely by
wind speed; assumes equilibrium between energy input, dissipation, and
nonlinear transfer.

Probabilistic damage stability
Regulatory framework in which a ship’s attained subdivision index A
must exceed a required indexR, with each damage scenario weighted by
its statistical probability and survival factor.

Radar equation
Relationship between transmitted power, antenna gain, target radar cross
section, and range that determines the received echo power: Pr ∝ σ/R4.

Redundancy index
Measure of a structural system’s tolerance to partial component failure;
quantifies the reserve strength available after removal of one or more
members.

Reliability index (β)
Probabilistic safetymeasure defined as the shortest distance from the ori‐
gin to the failure surface in standard normal space; higher values indicate
greater structural safety.

Reverberation
Unwanted returnof acoustic energyscatteredby theoceansurface, seabed,
and volume inhomogeneities; when it exceeds ambient noise, detection
becomes reverberation‐limited.

Roguewave
An abnormally large ocean wave—conventionally defined as H > 2Hs—
that can arise from modulational instability, wave focusing, or current–
wave interaction.

Sagnac effect
Optical path length difference experienced by counter‐propagating laser
beams in a rotating closed loop; the operating principle of ring laser and
fibre optic gyroscopes.

Sagging
Hullgirderbendingcondition inwhichthebowandsternaresupportedon
wavecrestswhile themidshipregion is inatrough,producingcompressive
stress in the deck and tensile stress in the bottom.
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Shadow zone (acoustic)
Region of the oceanwhere no direct acoustic rays arrive due to downward
refraction; formsbeneathanear‐surfacesoundspeedminimumand limits
sonar detection.

Significantwave height (Hs)
Standard measure of sea severity: Hs = 4

√
m0, wherem0 is the zeroth

spectralmoment of thewave energy spectrum.

Snell’s law (acoustics)
cos θ/c = const along any acoustic ray path in a horizontally stratified
ocean, governing ray bending due to sound speed gradients.

SOFAR channel
Sound speed minimum at approximately 1000 m depth in the open
ocean; acts as a waveguide trapping low‐frequency acoustic energy over
transoceanic distances.

Sonar equation
Fundamentaldetectioncriterioncomparingthesignalexcess (source level
minus transmission loss plus target strength) against the noise‐masking
background (noise levelminus directivity index plus detection threshold).

Stokes drift
Net forward mass transport by surface waves arising from the difference
between forward orbital velocity at the crest and backward velocity at the
trough: ūS = ωka2e2kz .

Stress concentration factor
Ratio of the peak local stress at a structural discontinuity (notch, weld toe,
opening) to the nominal far‐field stress; governs fatigue crack initiation.

Sverdrup balance
Relationship between the depth‐integrated meridional ocean transport
and the wind stress curl; explains the pattern of gyre circulation in the
ocean interior.

Thermohaline circulation
Global‐scale overturning circulation driven by density differences arising
from temperature and salinity variations; transports heat poleward and
ventilates the deep ocean.

Tidal constituent
Harmonic component of the tide at a specific astronomical frequency;
each constituent is characterised by its amplitude, phase, and Doodson
number classification.
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Transmission loss
Reduction in acoustic intensity betweena source anda receiver due to geo‐
metric spreading and absorption; measured in dB re the intensity at 1 m
from the source.

Trochoidalwave
Classicalwaveprofile inwhichsurfaceparticles tracecircularorbits, produ‐
cing sharper crests and flatter troughs than a sinusoidal wave; historically
used for hull girder design loads.

Ursell number
Dimensionless parameter Ur = HL2/h3 that measures the relative im‐
portance of nonlinear to dispersive effects; when Ur > 1, cnoidal wave
theory ismore appropriate than linear theory.

Waste heat recovery
Capture and conversion of thermal energy from engine exhaust and cool‐
ing water into useful work or electrical power, reducing specific fuel con‐
sumption and emissions.

Wave energy spectrum
Distribution of wave energy density over frequency (and direction),
S(ω, θ); the foundation of spectral analysis for describing irregular sea
states.

Well‐to‐wake assessment
Comprehensive emissions accounting that includes upstream fuel pro‐
duction, transport, andbunkering inaddition to theon‐board combustion
emissions.
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