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Abstract: Port infrastructures are strategic for local, regional and global economic growth and development. They play a
crucial role as transportation hubs and gateways for the vast majority of goods transported around the world, linking local and
national supply chains to global markets. Any significant disruption in the logistics of ports can have significant economic
implications. Wave heights are the most crucial weather elements that affect port operations and result in inoperative hours.
Therefore, it is of great importance to assess the wave conditions in the port and eventually evaluate the wave-induced
operational downtime of the port. This study uses numerical wave modelling, including spectral wave model and Boussinesq
wave model, to analyze the wave conditions in the port, and subsequently derive the wave-induced operational downtime
assessed against the limiting wave height standard. Spectral and Boussinesq wave models are respectively used to simulate the
wave transformation from deep sea to shallow water and wave agitation in the port basin in consideration of a variety of incident
wave conditions. The transfer functions between various incident wave conditions and the wave heights in the port basin are then
derived using multi-variable interpolation. Finally, the incident wave time series are transferred to the wave height time series at
berths, based on which the port downtime is calculated via statistical analysis.
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the port operation downtime due to wave disturbance in
consideration of climate change projected by a stochastic
weather generator.

Numerical wave models have developed as an approximate
yet reliable solution of the differential equations describing
wave propagation and transformation. There are essentially
two types of numerical wave models: spectral models, which
provide a phase-averaged description of wave propagation,
e.g., SWAN [9, 10]; and phase-resolving models, including
mild slope models [11, 12] and Boussinesq models [13, 14].
The main advantage of spectral models is that they consider
the generation and development of wind waves. However, the
spectral models cannot resolve phenomena like diffraction or
reflection for which the phase information is essential. On the
contrary, the mild slope and Boussinesq models do resolve the
phase, but can only be implemented in small areas given their
high computational cost.

This study proposed a sophisticated method, which take
advantages of both numerical spectral wave model and
Boussinesq wave model, to assess the wave conditions in the

1. Introduction

Ports are the infrastructure to provide safe anchorage for
vessels in order to facilitate the loading and unloading
operations of cargo and passengers [1]. To perform these
functions, the weather conditions inside the basin must not
exceed certain thresholds, which depend on the type of
operation (mooring, loading or unloading) and cargo involved
[2-4]. Among the different weather elements affecting port
operations, wave heights inside the port basin are the sources
of most inoperative hours [5]. Gonzalez-Marco et al. [6]
analyzed the effect of long waves on port operations via
numerical model, and determined the periods of inactivity
limited by an operational criterion based on the wave
conditions. Lopez et al. [7] applied artificial neural networks
to evaluate wave agitation inside the basin, and assessed the
wave influence on port operations against the limiting
operational wave conditions. Camus et al. [8] used the
metamodel to transform the wave conditions from the
entrance of the harbor towards the inside port, and assessed
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port basin and subsequently evaluate the wave-induced port
downtime. Spectral wave model is used to transform the wave
time series from deep sea to shallow water, whereas Boussinesq
wave model is used to simulate wave agitation in the port basin
in consideration of a variety of incident wave conditions. The
transfer functions between various incident wave conditions
and the wave heights in the port basin are derived using
multi-variable interpolation, based on which long-term wave
height time series in the port basin are derived and the
wave-induced port downtime is accurately determined as
assessed against the limiting operational wave height criteria.

The methodology is illustrated through a case study: a
deep-water container port in the Mediterranean. The case
study comprises of two breakwaters, the existence of which
incurs strong wave diffraction phenomenon and necessitates
the phase-resolving model to simulate wave agitation in the
port basin. The proposed assessment methodology, model
development, results and conclusions are further elaborated in
the following sections.

2. Methodology

Figure 1 presents the flow diagram of the proposed
assessment method for wave conditions and port downtime.
The assessment method can be carried out in following steps.

Step 1. Develop spectral regional wave model to propagate
the long-term wave time series from offshore to near shore;
analyse and determine typical near shore wave conditions, i.e.,
combinations of prevailing wave height, wave period and
wave direction;

Step 2. Apply Boussinesq wave model to simulate wave
agitation in the port basin with input from typical near shore
wave conditions; establish the transfer function between the port
basin wave heights and the typical near shore wave conditions;

Step 3. Use the transfer function to convert the long-term
near shore wave time series into long-term port basin wave
time series; compare with the limiting operational wave height
to derive the wave-induced downtime for the berths of
interest.

Long-term deep
sea wave time
series

Step 1

Step 3

Limiting

Long-term near
shore wave time
series

Regional wave
model (Spectral)

operational wave
height

Typical near shore wave
conditions (wave height-

period-direction) Transfer
function

Step 2 I

| N 1 ......

Long-term port
basin wave
time series

Wave-induced port

downtime

Port basin wave
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(Boussinesq)

Typical port basin
wave conditions

Figure 1. Flow diagram of the proposed assessment method for wave conditions in the port and wave-induced port downtime.

2.1. Spectral Wave Model

The governing equation for the spectral wave model is the
wave action balance equation [15, 16]. Formulated in
Cartesian co-ordinates, the conservation equation for wave
action can be expressed as:

N - _S
E+V'(UN)—
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where N(X,0,0,t) is the action density, t is the time,
X = (x,y) is the Cartesian co-ordinates, ¥ = (cx, Cy» Coo c9)
is the propagation velocity of a wave group in the
four-dimensional phase space ¥, o and 6, V is the
four-dimensional differential operator, and S is the source
term for the energy balance equation. The energy source term
S represents the superposition of source functions describing
various physical phenomena, i.e.,

S =Sin + Su + Sas + Spor + Ssurf 2

where S, is the generation of energy by wind, S,; is the
wave energy transfer due to non-linear wave-wave interaction,
S4s 1s the dissipation of wave energy due to white-capping,
Spot is the dissipation due to bottom friction and Sg,,. is the
dissipation of wave energy due to depth-induced breaking.

Spectral wave model is competent to simulate the physical
phenomena including wave growth by action of wind,
non-linear wave-wave interaction, dissipation due to
white-capping, dissipation due to bottom friction, dissipation
due to depth-induced wave breaking, refraction and shoaling
due to depth variations, etc.

2.2. Boussinesq Wave Model

Boussinesq wave model solves the Boussinesq type
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equations [17-19]. The Boussinesq equations include
nonlinearity as well as frequency dispersion, which is
basically introduced in the momentum equations by taking

%

n
at

into account the effect that the vertical accelerations have on
the pressure distribution. Formulated in an enhanced form, the
Boussinesq equations read:
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where ¢ is the free surface elevation, P, @ are the flux density
in the x-direction and y-direction respectively, n represents the
porosity, t is the time, X,y are the Cartesian co-ordinates, h
is the total water depth, Ry,, Ry, and R,, account for the
excess momentum originating from the non-uniform velocity
distribution, F, and F, are the horizontal stress term in the
x-direction and y-direction respectively, g is the gravitational
acceleration, a is the resistance coefficient for laminar flow in
porous media, f is the resistance coefficient for turbulent flow
in porous media, C is the Chezy resistance number, ¥; and
Y, are the Boussinesq dispersion terms.

Boussinesq wave model is capable of reproducing the
combined effects of important wave phenomena, including

ho h2c?

nw, =0 (5)

h2c?

shoaling, refraction, diffraction, wave breaking, partial
reflection and transmission, non-linear wave-wave interaction,
frequency spreading, direction spreading, etc.

3. Model Development and Results
3.1. Study Case

The proposed assessment scheme is applied to a
deep-water container port in the Mediterranean. The
container port is in the planning and design stage, yet it
serves as an interesting study case attributed to its unique
location and layout design.

Figure 2. Geographical location and general layout of the container port (Red circle: project site; yellow rectangle: spectral wave information extraction point).

Figure 2 shows the location and general layout of the
container port. The port is located in Gulf of Hammamet, and
is primarily composed of north breakwater, south breakwater,
access channel, turning basin, 4 container berths and 1 tug
berth.

3.2. Regional Wave Model

Figure 3 shows the model extent, bathymetry and grid of the
regional wave model. The regional wave model covers the entire

Gulf of Hammamet, with the eastern open boundary located at
11.5°E. The model domain is large enough to allow accurate
representation of wave propagation and transformation in the
study area. The bathymetry is generated from the digital nautical
chart, combined with the surveyed bathymetric data at the coastal
area. The regional wave model uses a flexible triangular mesh
with progressively increasing spatial resolutions towards the
project site. The depth-adaptive mesh has a resolution of 10 km at
the open boundary and 20 m at the project site.
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Figure 3. Model extent, bathymetry and grid for the regional wave model.

Table 1 summaries the essential model parameter setup for the
regional wave model. A fully spectral formulation is applied with

a logarithmic frequency discretization, formulated as:

fo=foc", n=12,..

(6)

(0.055 Hz), c is the frequency factor (1.1), and n is the
number of frequencies (25). Values in brackets are adopted in
this study, implying a frequency range of (0.055Hz, 0.6Hz),
or equivalently a period range of (0.6s, 18.2s). The
directional discretization is set as a 360-degree rose, with
number of directions of 16.

where f, is the frequency, f, is the minimum frequency

Table 1. Summary of essential parameters in regional wave model setup.

Settings

Regional wave model

Grid resolution
Governing equation
Spectral discretization
Simulation period
Time step

Water level

Wave breaking
Bottom friction
White-capping
Wind forcing
Boundary conditions

20m~10km
Fully spectral

25 frequencies (0.055Hz, 0.6Hz); 16 directions from 0° to 360°

1979-2017

Min: 0.01 s; Max: 30 s

Tidal variation

Limiting wave steepness y=0.8

Nikuradse roughness kn=0.001m

Dissipation coefficient Cdis=4.5, DELTA dis=0.5
CFSR wind

FHDI Global Normal Wave Model (FHDI-GNWM)

The model boundaries are prescribed as temporally varying
wave parameters obtained from the FHDI Global Normal
Wave Model (FHDI-GNWM) [20]. The model is driven by
temporally varying CFSR wind forcing [21] and temporally

temporal resolution. The model output includes integrated
sea-state parameters, such as the significant wave height H,,,
peak wave period T, and mean wave direction MWD, as well
as wave spectral information within the entire model domain.

varying water levels predicted from the tidal station. The
hindcast regional wave data are established for 39 years

covering the period from 1979 to 2017 with a one-hour

Wave parameters are extracted from the regional wave
model and analyzed at the reference point in front of
breakwater at -20m isobath, as marked by the yellow triangle
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in Figure 2. Figure 4 shows the wave rose at the extraction
point, whereas Table 2 and Table 3 respectively present the
scatter tables of significant wave height H,;,o, vs. mean wave
direction MWD and significant wave height H,,, vs. peak

N

Calm
498 %

wave period T,. Most waves come from NNE, NE, ENE, E,
ESE and SE with a cumulative frequency of 96.14, and most
peak wave period T, ranges between 2 to 10 s with a
cumulative frequency of 98.89%.

Significant wave height
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Figure 4. Wave rose at the extraction point.

Ultimately every time step from the long-term wave time
series should be modelled also in the subsequent wave
agitation model by applying the exact spectral properties from
the wave transformation model. However, this is far from
being feasible as the 39-year time series contain more than
300,000 values. Therefore, the wave agitation simulations are
limited to a feasible number of representative simulations,

where certain choices on spectral shape and directional
spreading are made. In order to encompass the relevant wave
conditions, a total of 18 incident wave scenarios are
considered in the wave agitation simulation as summarized in
Table 4. The incident wave scenarios include 1 significant
wave height Hy,o of 1 m, 3 peak wave period T: 3,6,9s,and 6
mean wave direction MWD: NNE, NE, ENE, E, ESE, SE.

Table 2. Wave scatter table for frequency of occurrence at the extraction point: significant wave height H,, vs. mean wave direction MWD.

Significant wave height (m)

Direction

0-0.5 0.5-1 1-1.5 1.5-2 2-2.5 2.5-3 3-35 >3.5 Total
N (348.75-360-11.25) 091 0.72 0.03 0.00 0.00 0.00 0.00 0.00 1.66
NNE (11.25-22.5-33.75) 3.65 2.53 0.29 0.02 0.00 0.00 0.00 0.00 6.49
NE (33.75-45-56.25) 11.59 6.12 0.85 0.18 0.02 0.00 0.00 0.00 18.76
ENE (56.25-67.5-78.75) 16.22 4.26 0.95 0.20 0.05 0.01 0.00 0.00 21.70
E (78.75-90-101.25) 11.72 6.88 1.63 0.49 0.18 0.06 0.02 0.02 21.00
ESE (101.25-112.5-123.75) 9.48 5.86 1.65 0.71 0.23 0.11 0.03 0.01 18.08
SE (123.75-135-146.25) 5.12 4.28 0.64 0.08 0.00 0.00 0.00 0.00 10.11
SSE (146.25-157.5-168.75) 0.73 0.71 0.06 0.00 0.00 0.00 0.00 0.00 1.50
S (168.75-180-191.25) 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.07
SSW (191.25-202.5-213.75) 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
SW (213.75-225-236.25) 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
WSW (236.25-247.5-258.75) 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
W (258.75-270-281.25) 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
WNW (281.25-292.5-303.75) 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05
NW (303.75-315-326.25) 0.10 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.11
NNW (326.25-337.5-348.75) 0.26 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.38
Total 59.91 31.55 6.10 1.67 0.49 0.19 0.06 0.03 100.00
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Table 3. Wave scatter table for frequency of occurrence at the extraction point: significant wave height H, vs. peak wave period T,

Significant wave height (m)

Peak wave period (s)

0-0.5 0.5-1 1-1.5 1.5-2 2-2.5 2.5-3 3-3.5 >3.5 Total
0-2 0.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.46
2-4 27.40 6.45 0.04 0.00 0.00 0.00 0.00 0.00 33.89
4-6 24.08 13.58 2.16 0.26 0.01 0.00 0.00 0.00 40.09
6-8 6.67 9.41 2.55 0.89 0.28 0.08 0.01 0.00 19.90
8-10 1.08 1.96 1.16 0.46 0.19 0.10 0.04 0.02 5.01
10-12 0.20 0.15 0.19 0.07 0.01 0.01 0.01 0.01 0.65
>12 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Total 59.91 31.55 6.10 1.67 0.49 0.19 0.06 0.03 100.00
nautical chart, the surveyed bathymetric data at the coastal
Table 4. Summary of incident wave scenarios. area, and the designed water depth at the port area. The
No. Hyo (m) T, (s) MWD (°N) internal wave generation line is located at -20 m, where the
1 1 3 225 incident wave information is extracted from the regional
2 1 6 225 wave transformation model and prescribed to the wave
3 1 9 22.5 agitation model. All the model boundaries, except for the
4 1 3 45 port interior and beach, are modelled as wave absorbing,
5 1 6 45 meaning that all wave energy reaching these model
6 1 9 45 boundaries is absorbed to prevent waves from being
7 1 3 67.5 reflected back into the model domain. Partial reflection is
8 1 6 67.5 applied along the beach, breakwater, revetment and quay
2 1 . = wall, where the reflection characteristics are estimated from
10 ! . i~ the type of structure and local wave conditions, as shown in
L s, R
> ] i s Directional irregular waves with corresponding significant
” | P T wave height Hy,, peak wave period T, and mean wave
15 ! 9 112.5 direction MWD, as summarized in Table 4, are applied for
16 1 3 135 defining the incident wave conditions in the scope of wave
17 1 6 135 agitation simulation. The spectral shape and directional
18 1 9 135 spreading applied for the boundary conditions are based on

By using a boundary condition with 1 m significant wave
height H,,,o, the wave conditions determined in the port basin
can be viewed as wave disturbance coefficients, i.e., defining
the wave height relative to the incident wave height. Hence,
if a different incident wave height (but with same wave
direction and wave period) is used at the boundary, the
corresponding wave heights in the port basin are derived by
multiplying the incident wave height and the wave
disturbance coefficients. A prerequisite for this approach is
that the non-linear wave effects are insignificant, which is
the case in the present study where the water depths are
relatively large compared to the wave heights so that wave
breaking is not important.

3.3. Wave Agitation Model

Figure 5 shows the model extent, bathymetry, internal
wave generation line and reflection characteristics of the
wave agitation model. The model extent covers the entire
container port, with the eastern boundary located at isobath
of -25 m. The model bathymetry is derived from the digital

the results from the wave transformation model. It reveals
that the incident waves can be represented by a JONSWAP
spectrum with a peak enhancement factor (y) of 3.3 and the
directional standard deviation (DSD) is in the order of
10°-15°.

The water level has little influence on wave agitation, which
is thus set to Om mean sea level (MSL) in the agitation model.
The duration of the wave agitation simulation corresponded to
45 minutes, of which the first 15 minutes are used for model
warm-up and the last 30 minutes are used for computation of
the wave disturbance coefficients.

Examples of snapshots of the wave agitation simulation are
presented in Figure 6, and Table 5 summarizes the disturbance
coefficients at the 4 berths corresponding to the incident wave
scenarios. The largest disturbance coefficients come from
wave direction of 67.5°N, i.e., Scenario 7, 8 and 9, when the
wave direction is almost in parallel with the direction of
approach channel and most wave energy can propagate into
the port basin. For the more oblique wave directions, e.g., 22.5
and 135°N, the disturbance coefficients are minute attributed
to the sheltering effect from the breakwater.
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Figure 5. Model extent, bathymetry, internal wave generation line and reflection characteristics (Kg: wave reflection coefficient) for the wave agitation model.
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Figure 6. Snapshots of wave agitation simulation (Scenario 8, 11 and 14: Hs = Im, Tp = 6s, MWD = 67.5°N, 90°N and 112.5°N).
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Table 5. Disturbance coefficients at the 4 berths.

No. Berth 1 Berth 2 Berth 3 Berth 4
1 0.013 0.004 0.004 0.002
2 0.078 0.175 0.056 0.050
3 0.052 0.047 0.065 0.047
4 0.017 0.010 0.005 0.004
5 0.183 0.275 0.077 0.064
6 0.108 0.068 0.101 0.077
7 0.040 0.014 0.006 0.004
8 0.354 0.288 0.090 0.072
9 0.150 0.101 0.119 0.108
10 0.041 0.012 0.006 0.004
11 0.256 0.222 0.063 0.057
12 0.094 0.068 0.090 0.080
13 0.021 0.006 0.004 0.004
14 0.101 0.054 0.023 0.024
15 0.041 0.026 0.037 0.034
16 0.003 0.000 0.000 0.000
17 0.031 0.022 0.016 0.017
18 0.032 0.022 0.029 0.031

Wave Disturbance Coefficient [

Wave Disturbance Coefficient [-]

Transfer Function at Berth 1

Transfer Function at Berth 3

3.4. Assessment Results

Based on the wave agitation simulation, the transfer
functions between the incident wave time series and the wave
heights in the port basin can be derived. The transfer functions
at the 4 berths are plotted in Figure 7, which can be formulated
as

Ho= fi(Hoa T, MWD) (=128 ()

where H, ~ H, represent the wave heights at the 4 berths,
Hpo, T, and MWD are respectively the significant wave
height, peak weak period and mean wave direction of the
incident waves, f; ~ f, are the transfer functions. As the
incident significant wave height H,,, is selected as 1 m, the
wave heights H; ~ H, also represent the wave disturbance
coefficients at the 4 berths. In case of a different incident wave
height but with same wave direction and wave period, the
actual wave heights at the berths can be derived by
multiplying the incident wave height and the respective wave
disturbance coefficients H; ~ H,.

Transfer Function at Berth 2

Wave Disturbance Coefficient [-]

Transfer Function at Berth 4

Wave Disturbance Coefficient [-]

P, 6N
%
vy s

Portog S < @ v
ts) TN < 0 et

Figure 7. Transfer functions at the 4 berths.
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The transfer functions, with the input from incident wave
information, are applied to derive the wave height time series at
the 4 berths. Figure 8 shows an example of the transferred wave
height time series and its cumulative frequency distribution
curve at berth 1. Following the PIANC recommendation [22],

the limiting operational wave height criteria are adopted as Hy;,o
= 0.5 m for the container berth. From the cumulative frequency
distribution curve, it can be observed that the cumulative
frequency for Hy,y = 0.5 is 0.30%, implying the wave-induced
downtime at berth 1 corresponds to 0.30%.

1.0

Significant wave height (m)

Cumulative frequency (%)
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Figure 8. Wave height time series and cumulative frequency distribution curve at Berth 1.

Table 6 summarizes the downtime estimated for the 4
berths. Berth 1 appears to be the most exposed berth, while
the downtime reduces to 0.01% at Berth 4. The downtime
assessment is averaged based on the 39 years of data, and
there will be variations from year to year. Nevertheless, the
estimated downtime is far below the recommended value of
2% for the container port as in the PIANC guideline [23].

Table 6. Downtime assessment for the 4 berths.

Berth 1 Berth 2 Berth 3 Berth 4

0.30% 0.25% 0.10% 0.01%

4. Conclusions

A sophisticated method to assess the wave conditions in the
port basin and the wave-induced port downtime is proposed
and elaborated in this study. The assessment method combines
the numerical spectral wave modelling with Boussinesq wave

modelling. The spectral wave model is used to investigate the
wave propagation and transformation from deep sea to near
shore, and the Boussinesq wave model is to simulate the wave
agitation in the port basin. In order to make the wave agitation
simulation feasible, the wave time series are extracted from
the spectral wave model and analyzed at the reference point in
front of the breakwater, resulting in 18 representative incident
wave scenarios. Transfer functions are derived based on the
numerical wave simulation results, which are then applied to
convert the incident wave time series into wave height time
series at berths. The port downtime is finally estimated as
assessed against the criteria.

The proposed method is applied to a deep-water container
port in the Mediterranean. The results reveal that the
northernmost berth, i.e., Berth 1, is the most exposed berth
with the largest downtime, while the wave condition
improves and downtime reduces when it moves to south. The
downtime at Berth 1, 2, 3 and 4 are respectively 0.3%, 0.25%,
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0.10%, 0.01%, which are far below the recommended
downtime of 2% for the container port.

This study systematically demonstrates a general procedure
of assessing the wave conditions in the port basin and the
wave-induced downtime using numerical wave modelling.
This procedure can be applied to any actual port-design
projects of similar type, and is of great value for the
engineering design and optimization practice.
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