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ARTICLE INFO ABSTRACT

Keywords: The expanding capacity of seaports for worldwide competitiveness is leading to an increased risk exposure. The
Seaport areas increasing ship size causes larger wind forces that can render ship navigation difficult in stormy weather. The
Waterways

alert system for the suspension of port operations is usually based on the wind conditions measured by ane-
mometers installed (i) on top of cranes/buildings often sheltered for some wind sectors; hence unable to provide
reliable wind statistics, (ii) at undisturbed positions (far from quays); hence unable to catch the actual wind near
cranes/mooring ships. Despite many efforts towards the safety management of seaports and waterways, the
prediction of real-time local wind conditions in such environments is still challenging. The goal of this paper is
the innovative development of an integrated tool to transfer the measured wind field (by on-site measurements)
from an undisturbed position to the sea lock under investigation by transfer coefficients computed with CFD. The
tool allows tugboat pilots to check in real-time the mean wind speed, wind direction and turbulence intensity in
the newly built IJmuiden sea lock, in the Netherlands. This project is targeted at improving the awareness of risks

Local wind conditions
Integrated tool

CFD simulations
On-site measurements

and the prevention of detrimental accidents in seaports in stormy weather.

1. Introduction

Coastal areas are among the most densely settled areas in the world
(Neumann et al., 2015). Estimates indicate that approximately three
billion people — about half of world’s population — live within 200 km
from a coastal line and by 2025 this number is likely to double (Popu-
lation Reference Bureau, 2003). Seaports are important nodes that
facilitate about 80% of the worldwide trade volume via sea
(UNCTAD/RTM, 2018). In many cases they are considered the entry and
the exit points of countries (Yip, 2008; Rodrigue and Notteboom, 2009;
Wolfgang, 2013; Becker et al., 2015; Vairetti et al., 2019). The
increasing globalization leads to a growing competition in global trade
in which seaports, waterways, and in general all the involved port in-
frastructures play a key role (Cho et al., 2018; Sys et al., 2008; Gomez
Paz et al., 2015). However, the expanding capacity of seaports for
worldwide competitiveness and accommodating bigger cruise ships and
containerships can lead to an increased risk exposure (Jian et al., 2019).
On the one hand, the increasing ships size causes larger wind forces on
the ships, which can render the ship navigation more complicated

(International Transport Forum, 2015; Janssen et al., 2017); on the
other hand, the complex port environment (e.g. buildings and cranes)
can cause sheltering effects on moored ships and increase the uncer-
tainty of wind load assessment (Ricci et al., 2020; Torre et al., 2021).
Seaport areas, as a first point of contact between the sea and the inland,
are already historically considered among the most vulnerable and risky
in the world. In addition, nowadays they are increasingly threatened by
climate change and natural disasters and catastrophes (Pelling, 2003;
Leckebusch and Ulbrich, 2004; Ulbrich et al., 2009; UNCTAD, 2011; Cao
and Lam, 2018; Kron et al., 2019). Here, accidents due to meteorological
factors such as strong winds can lead to detrimental economic losses
associated with negative consequences throughout the whole supply
chain (Darbra and Casal, 2004; Ronza et al., 2009; Solari et al., 2012;
Kron, 2013; Zhang and Lam, 2015, 2016).

The alert system for the suspension of port operations is usually
based on the wind measured by anemometers installed (i) on top of
cranes/buildings, which are often sheltered for some wind sectors and
then unable to provide reliable wind statistics, or (ii) at undisturbed
positions (far from quays) and then unable to catch the actual wind near
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Crane collapses after clashing with container
ship in Antwerp

A container vessel from shipping line APL on Monday broke its moorings, colliding with
acrane that collapsed afterwards. The accident happened in Belgium's Port of Antwerp.

0606

Further reading

2.7 million containers

Container stack collapsing at Port of Antwerp, Belgium
(source: Shipping Watch, 2019)

Video shows the moment a cruise ship nearly plowed into a
Venice cafe during a storm

Cruise ship Costa Deliziosa colliding with a dock at Venice, Italy
(source: INSIDER, 2019)
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3 high-capacity cranes crash at NPT
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Giant cranes collapsing at Port of Mumbai, India
(source: Mumbai Mirror, 2020)

Egypt's Suez Canal blocked by huge
container ship
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Containership Ever Given ran aground at Suez Canal, Egypt
(source: BBC News, 2021)

Fig. 1. Screenshots of newspaper article headlines reporting on accidents worldwide with cruise ships, containerships, container stacks and cranes under strong

wind conditions.

cranes/mooring ships. In this regard, the recent years have seen a sig-
nificant number of accidents involving cruise ships, containerships, and
port infrastructures caused by strong winds in seaports and waterways.
Some of these unfortunate events in recent years are reported here as an
example: (1) on December 9, 2019, the containership APL Mexico City
adrift hit and destroyed a crane at the Port of Antwerp (Belgium)
(Shipping Watch, 2019) (Fig. 1a); (2) on July 8, 2019 the cruise ship
Costa Deliziosa almost collided with the Giudecca Canal dock during a
wind storm in Venice (Italy) (Insider, 2019) (Fig. 1b); (3) on August 5,
2020, giant cranes collapsed under strong wind conditions at the Port of
Mumbai (India) (Mumbai Mirror, 2020) (Fig. 1c); (4) on March 23,
2021, the containership Ever Given ran aground in the Suez Canal
(Egypt), one of the world’s busiest waterways and the shortest shipping
route between Europe and Asia (BBC News, 2021) (Fig. 1d).

A large amount of studies dealing with the risk and the interactions
of hazard, exposure and vulnerability in coastal and seaport areas have
been published in the past decades (e.g. Hsieh et al., 2014; Becker et al.,
2015; Kolios et al., 2015; Taramelli et al., 2015; Mori and Takemi, 2016;
Gharehgozli et al.,, 2017; van Dongeren et al., 2018; McIntosh and
Becker, 2019). However, to the best knowledge of the authors, only a
limited number of these focused on monitoring, modeling and charac-
terizing the wind and/or waves by means of experimental and numerical
methods. In the framework of two European projects, Wind and Ports
(Solari et al., 2012; Burlando et al., 2014) and Wind, Ports and Seas
(Repetto et al., 2017, 2018), the GS-WinDyn research group of the
University of Genoa (Italy) developed an integrated web-based GIS
platform (available to all port stakeholders) for the safe management
and risk assessment of complex port areas exposed to strong winds. The
platform is based on a wind monitoring network (i.e. anemometers and
LiDARs), numerical codes for the multi-scale simulation of wind and
wave fields (as the Weather Research & Forecasting, WRF), coupled with
the wave model MIKE21 (Spectral Waves, Danish Hydrological Insti-
tute), wind and wave forecasting algorithms, and statistical wind
climate analyses. Kortcheva et al. (2018) presented an innovative, fully
automated marine system capable of providing real-time monitoring

and analyses of historical data of wind, wave, storm-surge and oil spill
drift. This system is based on numerical models and Information
Communication Technology (ICT) tools for simulation of essential in-
formation, including warnings for marine extreme phenomena and
hazards. Chen et al. (2020) carried out long-term shipboard measure-
ments and numerical simulations to gain a better understanding of
vessel performance in actual sea conditions and practical guidance for
ship operations in rough sea conditions. Using meteorological and wave
models, such as WRF and WAVEWATCH III (WW3), they carried out
simulations of the weather and sea state for eight rough sea cases using
grid datasets of the National Centers for the Environmental Prediction
Final (NCEP-FNL) and European Center for Medium-range Weather
Forecasts Interim Reanalysis (ERA-Interim). The results indicated that
an optimum and safe ship route can be achieved with a high-resolution
WRF model coupled to (i) NCEP-FNL initial and boundary conditions to
generate ocean surface winds and (ii) the WW3 wave model to generate
ocean surface waves in case of strong wind conditions. A significant
number of publications dealing with data modeling, algorithms and
Automatic Identification Systems (AIS) to simulate ship navigation in
open sea, port areas and waterways without a direct measure and/or
simulation of wind conditions, have also appeared in the past decades (e.
g. Merrick et al., 2003; Almaz et al., 2006; Harati-Mokhtari et al., 2007;
Bailey et al., 2008; Gunnar Aarsether and Moan, 2009; Chen et al.,
2015; Gao et al., 2015; Kang et al., 2019; Iseki, 2019; Rong et al., 2019;
Zhou et al., 2020). However, despite many efforts towards the safety
management of seaports and waterways, the accurate knowledge of
local-scale wind conditions within such complex environments is still
challenging. Even when numerical weather prediction (NWP) models (e.
g. WRF and WINDS) are used in combination with on-site measure-
ments, the results can suffer from major assumptions/limitations such
as: (i) the coarse vertical and horizontal resolution of the computational
grid (e.g. minimum grid size in the order of 80-100 m); (ii) the large
simplifications of the obstacles (i.e. buildings, cranes and ships), which
are never reproduced with their actual geometrical shapes and sizes, but
in the best scenarios only implicitly in terms of increased aerodynamic
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Amsterdam
city

Fig. 2. Geographical location of the study area. Photo credit to Google Maps.

roughness lengths (zp). Undoubtedly, numerical simulation with
Computational Fluid Dynamics (CFD) in combination with on-site
measurements can be a valuable approach to avoid these assumptions
and overcome these limitations. Although the computational costs of
CFD might be larger than NWP models (e.g. WRF and WINDS) to predict
wind fields on the same mesoscale area because of the higher resolution
of CFD geometries and grids to properly resolve the large-scale and
local-scale wind effects induced by obstacles (e.g., Ricci et al., 2017,
2018), the CFD method has been widely applied in wind engineering
research and practice (e.g., Stathopoulos, 2002; Hanjalic, 2005; Baker,
2007; Blocken, 2014, 2018). In this regard, besides its well-known
limitations (Blocken, 2015), the steady Reynolds-averaged Navier--
Stokes (RANS) has been shown to be sufficiently accurate to predict the
high wind speed regions in ports (Ricci and Blocken, 2020) as well as
wind forces on moored ships at quays (e.g. Ricci et al., 2020) and on

isolated ships subjected to open sea-like wind conditions (e.g. Janssen
et al., 2017; Prpic-Orsic et al., 2020; Hiroshi et al., 2022; Yoo et al.,
2022).

In the present paper an integrated tool is innovatively developed to
convert the measured wind field (by on-site measurements) from an
undisturbed position to the sea lock under investigation by means of
transfer coefficients obtained by RANS simulations. The RANS simula-
tions and on-site measurements were presented in an earlier publication
(Ricci and Blocken, 2020). The tool allows the tugboat pilots to check in
real time the mean wind speed, wind direction and turbulence intensity
in the newly built or new configuration of the IJmuiden sea lock, in the
Port of Amsterdam (in the Netherlands) and its surrounding area. It
should be noted that the methodology underlying the integrated tool
and the conclusions of the present paper can also pertain to other
complex seaports and waterways worldwide. The tool was designed in a
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Fig. 3. Map of the IJmuiden sea lock: (a) old configuration; (b) new configuration.
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On-site measurements
& data storage

Statistical analysis of the

wind data

Fig. 4. Methodology of the present project and indication of the workflow.

research project carried out in cooperation with the Royal Netherlands
Meteorological Institute (Koninklijk Nederlands Meteorologisch Insti-
tuut, KNMI) that provided the wind data of the reference anemometer
station (see Section 3).

The paper is organized as follows: Section 2 describes the problem
statement and the case study; in Section 3 the adopted methodology is
described; in Section 4 a brief recap of the numerical and experimental
analysis by Ricci and Blocken (2020) is provided; Section 5 describes the
integrated tool Windanalyse IJmuiden Haven 1.0; Section 6 closes the
paper with summary and conclusions.

2. The IJmuiden sea lock

The IJmuiden port is located at 40 km from Amsterdam
(Netherlands) and it resides under the Port Authority of Amsterdam
(Fig. 2a-d). The IJmuiden sea lock is a logistical hub specialized in the
storage and transshipment of fertilizer and fossil fuels, agribulk, mixed
cargo, building materials and recycling (Port of Amsterdam, New sea
lock, 2021). The port also accommodates companies operating in the
manufacturing industry and a large number of sea cruise liners. With
more than 182 ocean-going cruise liners anchored in the Port of
Amsterdam in 2015 and with 95 million tons of cargo handled in 2015,
Amsterdam is the fourth largest European port, behind Rotterdam,
Antwerp and Hamburg (KFW, 2021). However, as also stressed by the
Maritime Security Regime Concept (2012) in the report “A global
approach to regional challenges” published on September 2012, natural
phenomena (as severe weather) may limit the access to ports and the
trafficking between countries worldwide. Since these threats are ex-
pected to rise in the next years due to climate change (e.g. Pelling, 2003;
Leckebusch and Ulbrich, 2004; Ulbrich et al., 2009; UNCTAD, 2011;

Albers et al., 2015; Cao and Lam, 2018; Kron et al., 2019), it is important
for port stakeholders to act in order to prevent major issues in the future.
This was also one on the main reasons why, on January 2006, the Port
Authority of Amsterdam together with the Directorate-General for
Public Works and Water Management of the Netherlands announced the
construction of the new longer, wider and deeper sea lock at the entrance
of the North Sea Canal at the IJmuiden port (Port of Amsterdam, New
sea lock, 2021). The project falls within the European program “Con-
necting Europe Facility” and is co-financed by the European Union
(European Commission, 2021). The construction started in 2017 and
should take about five years, so the new sea lock should be operative by
the end 2022. It will be 500 m long, 70 m wide and 18 m deep and it will
accommodate vessels of maximum 365 m in length, 57 m in width and
13.75 m in depth. The new sea lock will be 100 m longer, 20 m wider
and 3 m deeper than the old Northern Lock, Noordersluis, which was one
of the largest in the world in the year of its completion in 1929. The new
sea lock not only differs from the Noordersluis in terms of size, it will
also have a wider range of uses and will be tide-independent (Fig. 3a and
b). The new sea lock will accommodate larger containerships and cruise
ships daily crossing the entrance of the Port of Amsterdam. Although the
design and construction of the new sea lock should generally enable
safer and easier navigation throughout the whole sea lock, changes in
wind speed and direction can still cause significant risks and potential
associated damages for large ships maneuvering at the seaport and
approaching the lock. Hence, for the tugboat pilots is essential to know
the local wind conditions almost in real-time and throughout the whole
area of action instead of only at some specific positions, which are
commonly the entrance of the port where some anemometers are
installed to detect the local undisturbed wind conditions. This was also
the innovative goal the research project, in which an integrated tool -
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Fig. 5. Positions of the 2D ultrasonic anemometers (IJm1, IJm2, IJm3 and IJm4) installed by Eindhoven University of Technology (TU/e) and the traditional cup

anemometer (KNMI) of the Royal Netherlands Meteorological Institute (KNMI).

based on CFD simulations and on-site measurements - was developed.
The tool has a twofold objective: (i) training the tugboat pilots based on
the availability of the wind flow pattern throughout the whole sea lock
in almost real-time; (ii) providing all port stakeholders with more in-
sights in the local wind effects that can occur in the seaport area
(Fig. 3b).

3. Methodology

The methodology adopted to develop the tool is illustrated in Fig. 4.
The workflow was organized in four steps: the on-site measurements and
data storage (Section 3.1), the statistical analysis of the wind data
(Section 3.2), the CFD simulations and validation of the CFD data with
the measured data (Section 3.3), and the development of the integrated
tool for which an exhaustive description supported by illustrations is
provided in Section 5.

3.1. On-site measurements and data storage

On-site measurements were carried out with five 2D ultrasonic an-
emometers (IJml, IJm2, IJm3, IJm4, KNMI) applying a sampling fre-
quency of 1 Hz (Fig. 5). The stations IJm1, IJm2, IJm3 and IJm4 were
installed at a height of about 15 m above mean sea level (MSL) and
measurements were performed for a duration of one year (i.e. July 5,
2017-July 1, 2018). One-year measurements is commonly considered
by Wind Engineering and Atmospheric Sciences experts a sufficient time
to gather a wider number of wind data necessary to characterize the
wind through any seasonal variation. At the end of the measurement
period, the four ultrasonic anemometers of TU/e were removed. The
station named KNMI, property of the KNMI, is permanently installed in
the study area and was already present when the four additional ane-
mometers by Eindhoven University of Technology (TU/e) were installed
(Fig. 5). The KNMI station consisted of traditional measurement equip-
ment, i.e. a cup anemometer and a wind vane, and for this reason the
IJm1 station with a more sophisticated equipment was installed nearby
the KNMI station (Fig. 5). Since from the historical wind data of the
KNMI station, the wind at this location appeared to be not significantly
influenced by the immediate surroundings, as also confirmed by the
results provided in a previous publication (see also Ricci and Blocken,
2020), the KNMI and IJm1 stations were chosen as reference stations.
The stations IJm1-4 better equipped (consequently more accurate) than
the KNMI station were used to validate the CFD results by Ricci and
Blocken (2020), but since these stations were removed at the end of the

measurement period, they were not used explicitly in the development
of the tool. Conversely, the KNMI station permanently installed there (as
opposed to IJm1 installed there only for one year) was not considered for
the validation step, but only used for transferring the measured wind
speed and direction from the undisturbed position to every location of
the sea lock, both during the tool development and after the completion
of the project for training the tugboat pilots. The anemometers installed
by TU/e were mounted on truss masts and equipped with a data logger
to locally store the data with the frequency of 1Hz on a SD card. Then
collected data were sent with the same frequency to the TU/e server,
located at the Building and Physics and Services laboratory at the TU/e
campus, by a Wi-Fi connection (Fig. 4). The TU/e stations were supplied
by a battery chargeable with a small photovoltaic panel installed on a
side of the truss mast. The TU/e and KNMI databases were safely pro-
tected and the two servers were reachable only by its assigned users. The
TU/e team was allowed to read the KNMI 10-min average wind statistics
only for the last 24 h of measurements by means of a File Transfer
Protocol (FTP) server, which provided data every 10 min.

3.2. Statistical analysis of the wind data

The wind data collected from stations IJm1, IJm2, IJm3 and IJm4
were post-processed. A database composed of 1-min, 3-min and 10-min
average wind speed (U), wind direction (¢) and turbulence intensity (I)
was analyzed in order to identify possible neutral stability atmospheric
boundary layer (ABL) conditions (Stull, 1988). In accordance with the
atmospheric stability classes proposed by Pasquill (1961) and in absence
of temperature data, only strong wind conditions (i.e. with 10-min
average wind speed values greater than 6 m/s) - regarded as poten-
tially dangerous for ships operations in port areas - were considered to
validate the CFD results, assuming that the thermal effects in these ABL
flows were negligible. The present dataset (of IJm2, [Jm3 and IJm4) was
exclusively used to validate the CFD results (see also Ricci and Blocken,
2020) and not as input for the integrated tool presented in this paper.
During the period of the measurements (i.e. July 5, 2017-July 1, 2018),
two exceptional storm events occurred on 3 and January 18, 2018,
causing technical damage to the stations IJm2 and IJm3 with a subse-
quent disruption of the network system and loss of data for several days.
Thus, these extreme events could not be considered for the validation of
the CFD simulations. On January 18, 2018 strong winds with peak wind
speeds of about 42 m/s registered at the Port of Rotterdam (Hoek van
Holland) occurred along the coasts of Netherlands, Belgium and the
North-West coast of Germany. The storm lasted about 3 hours and was



A. Ricci et al.

<

. L | <
S KN c
; %\\\\\\\\\\\\\ <

R

R

=N
\

Journal of Wind Engineering & Industrial Aerodynamics 234 (2023) 105327

LS

f

Fig. 6. Computational grid of the new configuration of the IJmuiden sea lock in different perspective views: (a-c) South-West view; (d) East view; (e) North-West view;

() South-South-West view. Total cell count is 74 million.

classified by the KNMI as one of the toughest storms hitting the
Netherlands in the recent 50 years (KNMI, 2018). The storm caused
serious problems to a large part of the country: overturned containers in
the main seaport areas (e.g. Port of Rotterdam), traffic of trains was
stopped, numerous highways closed, more than 300 flights were
canceled, and three people died (BBC News, 2018; HetLegioen, 2018).

3.3. CFD simulations

3D steady RANS simulations with closure by the realizable k-¢ tur-
bulence model (Shih et al., 1995) were carried out for 24 reference wind
directions (6) to cover the whole wind rose. The computational domain,
covering an area of 15 km? (i.e.LxL=15x15 kmz) with a height of 0.5
km, was chosen much larger than the area of interest (of about 3 x 8
km?, see Fig. 5) to allow the ABL wind to fully develop (Blocken et al.,
2007a,b; Vasaturo et al, 2018) over the seaport area. The
high-resolution computational grid was built using the surface-grid
extrusion technique (van Hooff and Blocken, 2010) and counted
approximately 74 million hexahedral and prismatic cells. Fig. 6 provides
an overview of the computational grid with different perspective views.
The best practice guidelines for CFD application in wind engineering
were adopted to construct the computational domain and grid (Casey
and Wintergerste, 2000; Britter and Schatzmann, 2007; Blocken and
Gualtieri, 2012; Blocken, 2015; Franke et al., 2007; Tominaga et al.,
2008). The aerodynamic roughness length (zp) values, to be imposed at
the bottom of the domain using patches of about equal roughness, were
defined in accordance with the Davenport classification modified by
Wieringa (1992) (Fig. 7). Therefore, the zy values were converted into
corresponding equivalent sand-grain roughness height (k) values using
the standard wall functions by Launder and Spalding (1974) with
roughness modification by Cebeci and Bradshaw (1997) and the rela-
tionship between zp, ks and the roughness constant Cg derived by
Blocken et al. (2007a) for the commercial code ANSYS Fluent. All sim-
ulations were carried out with ANSYS Fluent 16.0 (ANSYS Fluent,
2013). The details about the computational domain, grid and other
settings can be found in Ricci and Blocken (2020). The CFD results
(simulated data) were validated with the measured data in terms of the
wind speed amplification factor (K), the turbulence intensity amplifi-
cation factor (Y), and the local wind direction (¢), for 24 reference wind
directions. It is worth to mention that CFD simulations were not run
based on the 1-year measurements, but simply validated based on them.
It means that even if slightly different wind conditions may occur in the
next years, the CFD model would be able to hold such variations as long
as they belong to neutral ABL conditions.

The simulated data were used to develop the integrated tool that
works with the data from the KNMI station as input. The entire pro-
cedure is described in Section 5.

4. Validation of CFD results

A brief recap of the validation study related to step 3, fully described
in the earlier publication by Ricci and Blocken (2020), is reported in the
present section to aid the reader in understanding the development of
the integrated tool.

Fig. 8 summarizes the comparison between the measured and
simulated data in terms of wind speed amplification factor (Ky, and
Knum), local wind direction (gexp and @num) and turbulence intensity
amplification factor (Y and Yyym), for the 24 reference wind directions
at the four positions (IJm1, IJm2, IJm3 and IJm4). The amplification
factor (K) is defined as the ratio between the mean wind speed (U) at the
measurement position (e.g. at IJm2, IJm3 and IJm4) and the reference
mean wind speed (Upy) at IJml. Similarly, the turbulence intensity
amplification factor (Y) was defined as the ratio between the local mean
turbulence intensity I at the measurement position (e.g. at IJm2, [Jm3
and IJm4) and the reference mean value L at IJm1. For the measured
data, the 10-min average wind speed and turbulence intensity were
considered for U, Uref, I and L.

For K (Fig. 8a), a satisfactory agreement was found with about 90%
of the simulated data within +30% from the measured data, on a
database of 72 samples. Deviations larger than 30% were found for four
reference wind directions: 105°, 120°, 330° and 345°. For § = 105°, an
overestimation by Ky, was found at IJm2, IJm3 and IJm4. For 6 = 120°,
overestimations by K, were found at IJm3 and IJm4. For = 330° and
60 = 345°, overestimations by K, were observed at IJm4 and IJm3,
respectively.

For ¢ (Fig. 8b), generally a narrow distribution around the diagonal
was observed with about 90% of ¢p,, within +£30° of deviation with
respect to ey, On a database of 96 samples. At the reference station
IJm1 the agreement between ¢y, and ¢, was within +5° of deviation.
Conversely, some deviations larger than +£30° were found at the other
three stations for specific wind directions. At [Jm2 and IJm3, un-
derestimations by ¢, were found for § = 15° and in the wind sector
105°-120. In contrast, at IJm3 and IJm4 overestimations by ¢n,m were
found for 6 = 345° and in the wind sector 330°-345°, respectively.

For Y (Fig. 8c¢), a less satisfactory agreement was obtained between
simulations and measurements with about 74% of Y, within 4+30°
with respect to the Y,,,, on a database of 72 samples. For a large number
of reference wind directions (i.e. about 50% of the total) the stations
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Fig. 7. Aerodynamic roughness length (zy), roughness constant (Cs) and equivalent sand-grain roughness height (ks) for patches with different terrain rough-

ness categories.

IJm2, [Jm3, IJm4 are shielded by the surrounding buildings leading to
extensive wake flow zones in the middle of the sea lock. The inaccuracy
of the 3D steady RANS approach in predicting the wake flow possibly
caused mainly some underestimations as well as some overestimations
by Ynum-

In accordance with previous similar studies (e.g. Blocken et al., 2015;
Ricci et al.,, 2020; Ricci et al., 2022), the 3D steady RANS approach
showed a generally high reliability to predict the local wind conditions
in the IJmuiden sea lock, especially in high wind speed amplification
factor regions (Blocken, 2018). These are usually also the regions that
are considered in combination among the most risky and dangerous
conditions for ship navigating throughout narrow waterways and sea-
ports (Darbra and Casal, 2004; Torre et al., 2021).

5. The integrated tool Windanalyse IJmuiden Haven 1.0

The goal of the developed tool was to make mean wind speed, wind
direction and turbulence information for ship navigation in the IJmuiden
sea lock readily available at every location and in almost real-time to
help the tugboat pilots and the Port Authority of Amsterdam in safely
guiding container ships, cruise ships and vessels throughout the sea lock.
The general framework of the tool is based on the on-site measurements
and the CFD data already described in Section 3 and recapitulated in
Fig. 9. More details about the architecture of the tool, the algorithm and
the code are provided in Section 5.1 and Fig. 9, while the graphical
interface is fully described and illustrated in Section 5.2.
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Fig. 8. Comparison of simulated and measured data at 15 m above MSL at the measurement positions for 24 reference wind directions (0): (a) wind speed
amplification factor (K), (b) local wind direction (¢), (¢) and turbulence intensity amplification factor (Y). The number of samples and the values of K, ¢ and Y with
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Fig. 9. General framework of the research project and architecture of the integrated tool Windanalyse IJmuiden Haven 1.0.

5.1. The architecture of the integrated tool

The tool was developed using MATLAB® 9.4 (release 2016b) and the
MATLAB Compiler™; it can be run as a standalone application by
installing MATLAB Runtime libraries (Mathworks, 2016). As illustrated
in Fig. 9, the tool design was based on a straightforward principle for
which the validated 3D steady RANS results, for 24 reference wind di-
rections (6 = 0°, 15°, ..., 345°) (see also Section 3), were linearly scaled
according to the 10-min average wind speed (U) measured by the KNMI
station (“Read KNMI measured data” blocks in Fig. 9), the only station
permanently installed in the study area and available for providing
real-time data. These wind data were downloaded from the KNMI
website via FTP server, as previously described in Section 3. In order to
build the tool, CFD data (mean velocity, wind direction, turbulence in-
tensity and amplification factors) were first collected (as .csv files) along
horizontal planes at different heights (10, 20 and 40 m) from the 24
simulated wind directions (). Although CFD simulations were per-
formed over an area of 15 x 15 km?, only the area of interest including
the new sea lock (of about 3 x 8 kmz, see Fig. 5) was considered in the
tool to comply with the explicit requests of the client, i.e. the Port

Authority of Amsterdam. These data were pre-processed in MATLAB to
build a database to be used in the standalone tool. The data were
interpolated from an unstructured grid (CFD) to a regularly spaced
domain (MATLAB) using the MATLAB function TriScatteredInterp and
stored in .mat files as matrices. The two spatial resolutions were 5 and
10 m, corresponding with matrix dimensions of 738 x 1640 and 369 x
820, respectively. As a result, the .mat files database was eventually
composed of 432 files, which were statically included in the standalone
tool.

A transfer coefficient (Burlando et al., 2010, 2013) was calculated in
order to linearly scale the CFD data according to the 10-min average
wind speed (U) measured by the KNMI station. The transfer coefficient
(K;) — also called amplification factor in the validation study (see Section
3) — was defined from the 3D steady RANS simulations and for the i-th
wind direction, as follows (Equation (1)):

1
Ki=———
UKNMI,[ | CFD

@

Ui | crp

The CFD values were finally rescaled (“Rescale [...] using the
transfer coefficient K” blocks in Fig. 9) based on the 10-min averaged
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Fig. 11. Description of individual functions of Windanalyse IJmuiden Haven 1.0 translated from Dutch (the original language of the tool) to English.

wind speed (Uxny) measured at the KNMI station (read every 10 min by
the tool), as follows (Equation (2)):

Ui = Ukwmr Ki ()]

It is important to note that also U; is a matrix. Since the real-time
measured wind direction at the KNMI station (Invoer windrichting in
Fig. 10) is (obviously) not necessarily a multiple of 15°, the data
employed for rescaling are those referred to the CFD simulation whose
wind direction is the closest multiple of 15° (e.g. if the real-time KNMI
wind direction is 67°, CFD data from the simulation with the wind di-
rection of 60° are employed). Although this can be considered as a
limitation, an error of +7.5° is still considered minor given the

complexity of the seaport topography and the turbulent ABL flow.
Although included in the software, the turbulence intensity was not
rescaled according to measured data, since it was not explicitly
requested by the KNMI as real-time output to support the tugboat pilots
who are mainly interested in the wind speed and wind direction. The
resulting application is finally built using the MATLAB Compiler™ and
then zipped. The total software tool size is about 1 GB, mostly occupied
by the large CFD database. Windanalyse [jmuiden Haven 1.0 can be easily
installed (a “readme.txt” file is provided) and launched as standalone
application; downloading the freely available MATLAB Runtime li-
braries is also required.
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Fig. 12. As an example (June 3, 2018, 13:50:00): mean wind speed contours for wind direction 330°, at 10 m above MSL and with a spatial resolution of 10 m.

5.2. The graphical interface of the tool

The tool has a graphical user interface (GUI) composed of four panels
and one main display to set options and visualize the results (Fig. 10). As
also stressed in Section 5.1, only the area of interest including the new
sea lock (of about 3 x 8 km?, see also Fig. 5) is displayed in the tool to
comply with the explicit requests of the client, i.e. the Port Authority of
Amsterdam. To make the tool fully understandable for the tugboat pilots
operating at this specific geographic location (in the Netherlands), the
Dutch language was used. Note most options included in the tool were
explicitly requested and agreed with the client based on specific needs.

The top-right yellow panel (Invoer windrichting, Fig. 11), not editable
by the user, shows the 10-min average wind speed (Windsnelheid, m/s)
and wind direction (Windrichting, in degrees) measured by the KNMI
station with the indication of date and time (Tijd, DD-MM-YYYY HH:
MM:SS) and geographical coordinates (Locatie) expressed in terms of
Universal Transverse Mercator (UTM). The data are read by the tool by
the FTP server every 10 min. In the middle-right blue panel (Figuur,
Fig. 11), different options can be selected by the user to visualize (in the
main display) the wind speed and turbulence intensity contours. The
user (“User input” blocks in Fig. 9) can choose to display the wind speed
contours without (Countourplot windsnelheden, Fig. 12) and with

10

(Countour en vectorplot, Fig. 13) overlapping velocity vectors, at three
different heights (hoogte: 10, 20, 40 m) above MSL and for two spatial
resolutions (resolutie: 5, 10 m). As discussed in Section 5.1, the tool does
not employ the CFD grid used to provide the information (see Fig. 6), but
a regularly spatial domain built in MATLAB for the purpose. In the
middle-right blue panel (Figuur, Fig. 11), once a set of contours are
displayed by the user, the max and min values of the selected contour
variables are automatically provided as well (Minimum en maximum
waarde kleurschaal) by the tool. The Default button can be used to restore
the default options, such as the contours without velocity vectors at 10
m above the MSL at a spatial resolution of 5 m. Alternatively, the user is
free to change the display options (see the loop in Fig. 9). The options of
the blue panel above described for the wind velocity apply also to the
turbulence intensity variable (Fig. 14). The tool is also interactive and
gives the possibility to the user of manually selecting (with the mouse)
custom positions on the main display in order to get information on 10-
min average wind speed (m/s), wind direction (in degrees) and turbu-
lence intensity (%). This information is then displayed in the bottom-
right green panel: Windsnelheid (wind speed), Windrichting (local wind
direction), Turbulentie-intensiteit (turbulence intensity) (Figs. 10 and 11).

Finally, in the bottom pink panel (Strategische punten, Figs. 10, 11 and
15), the 10-min average wind speed (m/s), local wind direction (°) and
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Fig. 13. As an example (February 26, 2019, 13:00:00): mean wind speed contours and mean velocity vectors for the wind direction 300°, at 10 m above MSL and a

spatial resolution of 10 m.

turbulence intensity (%) values are displayed for 14 strategic positions
(i.e. P1, ..., P14) defined along the possible navigation routes of the
seaport. The decision to add the pink panel was agreed with the client
because large gradients of wind speed were observed during the vali-
dation (step 3, Fig. 4) along these routes both for Eastern and Western
wind sectors, due to the presence of surrounding port infrastructures and
buildings shielding the sea lock area (Ricci and Blocken, 2020). The
bottom panel generally enables the tugboat pilots and the port stake-
holders to better understand whether the access to the sea lock is advised
in stormy weather. For example, for the IJmuiden sea lock, the distance
between the entrance (P1) and the new sea lock (P10) is about 4 km (see
Figs. 5 and 15). Considering that the maximum speed limit for large-size
ships (e.g. containerships or a cruise ships) with draughts between 13.55
and 13.75 m in salt water (Port of Amsterdam, Art. 1, 2020) navigating
through the North Sea Canal is of 3.2 knots (about 6 km/h), the time
required to move from P1 to P10 would be of about 40 min. With the
integrated tool, the tugboat pilots will be able to check about four times
(wind updates available every 10 min) at each position P for possible
changes in wind direction, wind speed and turbulence intensity occur-
ring along the route.
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6. Summary and conclusions

Seaports are important nodes and facilitate the worldwide trade
volume via sea. In combination with waterways these are considered the
entry and the exit points of a country’s trade. The increasing global-
ization leads to a growing competition in global trade in which seaports
and generally all the involved port infrastructures play a key role. The
expanding capacity of seaports for competitiveness worldwide and
accommodate bigger cruise ships and containerships can lead to an
increased risk exposure. Besides the unquestionable and positive impact
of seaports on the global economy, the increasing ship size can also
cause larger wind forces, which make the navigation through these areas
more complicated. A significant number of accidents on cruise ships,
containerships, and port infrastructures have occurred in stormy
weather were reported in recent years. However, despite many efforts
towards the safety management of seaports and waterways, the accurate
knowledge of local-scale wind conditions within such complex envi-
ronments is still challenging. The CFD technique (by means of high-
resolution computational geometries and grids) in combination with
on-site measurements can be considered one of the most valid ap-
proaches in wind engineering research and practice to properly resolve
the local-scale effects induced by obstacles. In the present paper an
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Fig. 14. As an example (February 26, 2019, 13:10:00): turbulence intensity contours for the wind direction 345° at 10 m above MSL and with a special resolution of
10 m.

innovative integrated tool (based on CFD simulations and on-site mea- e The RANS approach might exhibit some limitations when predicting
surements), that provides the tugboat pilots and other port stakeholders flow separation and flow reversal zones. More sophisticated ap-
with local-scale wind conditions in seaport areas, was developed. It was proaches, as the large-eddy simulations, could have been used in this
applied for the new configuration of the IJmuiden sea lock (Port of study. However, the absence of best practice guidelines and the
Amsterdam, the Netherlands) and the surrounding area, for which CFD larger computational costs (than RANS) to simulate 24 wind di-
simulations and on-site measurements already presented in the earlier rections of a meso-y scale model are considered as serious limitations
publication by Ricci and Blocken (2020). Several limitations of this (Blocken, 2018).
research study should be noted. e Since the real-time measured wind direction at the KNMI station is
not necessarily a multiple of 15°, the data employed for rescaling are
e In absence of temperature data, neutral atmospheric stability con- those associated with the CFD simulation whose wind direction is the
ditions were considered during the on-site measurements by select- closest multiple of 15°. Although this can be considered as a limi-
ing only events with a 10-min mean wind speed larger than 6 m/s tation, an error of +7.5° is still considered minor given the
(see also Ricci and Blocken, 2020). complexity of the seaport topography and the turbulent ABL flow.
e The storm events that occurred on 3 and January 18, 2018 caused e Although is an output of the software application, as mentioned in
technical damage to the anemometer stations IJm2 and IJm3 with a Section 5.1 the turbulence intensity was not rescaled according to the
subsequent disruption of the network system and loss of data for measured data since it was not explicitly requested by the KNMI as
several days. Thus, these extreme events could not be considered for real-time output to support tugboat pilots that mainly interested in
the validation of CFD data. wind speed and direction.
e In line with several previous CFD studies (e.g. Carpentieri and
Robins, 2015; Ricci et al., 2017; Paden et al., 2022), geometrical Despite the aforementioned limitations, the project confirmed the
simplifications were applied to buildings, waterways, bridges and importance of involving all port stakeholders at different levels (as port
streets, given the high complexity of the area under investigation. authorities and meteorological institutes) in order to develop a user-

friendly integrated tool that allows recognizing possible threats when
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Fig. 15. The bottom (pink) panel shows the mean wind speed (m/s), local wind direction (°) and turbulence intensity (%) values at 14 strategic positions defined
along possible routes of navigation (at 10 m above MSL). As an example, the contour shows the mean wind speed associated with wind direction 330° at 10 m above

MSL and with a spatial resolution of 10 m.

maneuvering ships in seaports and waterways. The 3D steady RANS
approach was found to be a reasonable compromise between the
available time (less than one year) to provide the partners with a tool to
train the tugboat pilots and the accuracy required to detect potentially
dangerous wind flow conditions at the new sea lock. As demonstrated in
the earlier publication by (Ricci and Blocken, 2020) and stressed by
review papers (e.g. Blocken, 2018), the 3D steady RANS approach
showed a high reliability in identifying high wind speed regions
potentially risky for ships maneuvering in these areas.

The integrated tool is versatile and allows a tugboat pilot maneu-
vering inside the IJmuiden sea lock to check and visually display the wind
speed, direction, and turbulence intensity at each point of the map as
well as by means of some pre-defined common ship routes. In particular,
this option enables the tugboat pilot to choose the safest route and to
stop maneuvering within a reasonable margin of time if necessary.
Although some indications were provided about the ship routes, as
explicitly required by the client, note that the ships themselves were not
included in the CFD simulations. Similarly, any possible effect caused by
the wind-wave interaction as well as non-synoptic winds (e.g. down-
bursts and tornadoes) were not accounted for in the present release of
the tool. These items can be considered as follow-up implementations.

In conclusion, the tool represents the results of a cooperation be-
tween academicians and practitioners targeted at improving the
awareness of risks and the prevention of detrimental accidents in seaport
areas during stormy days.
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