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Abstract

Marine operations, such as offshore lifting and mating, are complex and
highly weather-sensitive. When planning these weather-restricted opera-
tions, it is necessary to determine the operational limits in terms of sea
state variables (i.e., allowable sea states) of the system used in operations.
During the execution phase, the allowable sea states could be compared with
weather forecasts to decide whether the operation should start or not. In
order to do this, it is important to make short-term forecasts of wave condi-
tions that are characterized by significant wave height H,, peak wave period
T, and so on. Given that there is inherent uncertainty in weather forecasts,
how to quantify the forecast uncertainty and reflect it when planning and
executing marine operations thus become a key issue.

This thesis first addresses the multi-step-ahead wave forecasting by us-
ing machine learning-based methods. Different time series-based machine
learning (TSML) methods are developed and established, which rely on cor-
relations between data in time series and consist of different pre-processing
techniques, data-driven models and multi-step-ahead strategies. In addition
to the TSML method, a new efficient and reliable forecasting method, called
the physics-based machine learning (PBML) method is proposed by combin-
ing the characteristics of physics-based wave models with machine learning
techniques. In the PBML model, physical knowledge from physics-based
wave models is utilized as a guide for designing inputs and outputs, and
machine learning algorithm is adopted to learn the implicit relationships
between them.

These machine learning-based methods are employed to forecast one-
day-ahead H, and T, at the central part of the North Sea. Uncertainty
quantification analysis is carried out to evaluate and compare the forecast
performance of different methods. This is done by calculating conventional
error measures such as RMSE and carrying out statistical analysis of a
pre-defined forecast error factor. Results demonstrate the feasibility of ap-
plying machine learning algorithms to forecast wave conditions. However,
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the forecast uncertainty of TSML methods generally increases with the fore-
cast horizon. Since the data correlation in time series of sea state variables
decreases significantly with the time interval increases, it is difficult to deal
with this phenomenon, whether by changing data-driven models or develop-
ing more complex TSML methods. By comparison, due to the consideration
of physical meaning, the PBML method can generate more accurate wave
forecasts in the whole forecast horizon and the forecast uncertainties are
quite low. Due to the high forecast performance and low computational
cost, the PBML method can be conceived as an efficient tool for wave fore-
casting.

Then the effect of weather forecast uncertainty on marine operations is
investigated. In the thesis, a methodology is proposed to assess the allow-
able sea states for marine operations, with emphasis on considering weather
forecast uncertainty. It consists of uncertainty quantification of weather
forecasts, statistical analysis of system dynamic responses of coupled sys-
tem for marine operations and allowable sea states assessment by means of
response-based criteria. Based on the methodology, a new response-based
alpha-factor ag is derived. This is similar to the a-factor proposed by DNV,
but it accounts for the effect of forecast uncertainties of both Hy and 7T}, on
the dynamic response of operations. The ap is defined from the perspec-
tive of dynamic response during operation, and depends on the type and
duration of marine operations, the characteristics of dynamic system, the
weather forecasting method, etc. By applying the ap, allowable sea states
in terms of H, and T}, for the operation can be assessed, taking into account
the weather forecast uncertainty at different lead times.

Finally, the proposed methodology is applied to the blade installation
of offshore wind turbines as a case study. The final mating phase between
the blade root and hub is considered and the crane tip motion, blade root
radial motion and velocity are regarded as the limiting response parameters
to illustrate the usage of the methodology in frequency- and time-domain,
respectively. The apr factors for each limiting parameter are established
separately in terms of sea state scenarios and forecast lead times. The cor-
responding allowable sea states are then assessed. It is found that there is a
significant difference between the allowable sea states with and without con-
sidering weather forecast uncertainty and forecast uncertainties in both Hy
and 7T}, have important contributions to it. If weather forecast uncertainties
are not included, the allowable sea states would be over-estimated. As the
forecast lead time increases, the allowable sea states gradually decrease.

In summary, the original contributions of this thesis include the estab-
lishment and development of machine learning-based forecasting methods
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for wave forecast, the quantification analysis of weather forecast uncertain-
ties, and the development of a methodology for assessment of allowable sea
states for marine operations including the effect of weather forecast uncer-
tainty. These are meaningful and have great potential applications in marine
operations, which can assist decision-making in the execution phase.
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Chapter 1

Introduction

1.1 Background

The gradual transition away from fossil fuels towards a carbon-neutral so-
ciety is one of the greatest challenges of the 21 century [1]. Over the past
decade, renewable energy, such as wind energy and solar energy, is the
fastest-growing energy source globally. Among them, offshore wind energy
is identified as one of the most promising sources [2] since it is more stable
and stronger, not being exhausted and produce no emissions, and it is also
one of the cheapest ways of generating electricity from renewable energy.
With regard to the wind energy, the majority of wind power is produced
from onshore wind farms at present. However, practical reasons such as
the lack of inexpensive land near major population centers, and visual and
noise pollution caused by large onshore wind turbines undoubtedly limit its
development. In this case, offshore wind energy is highly attractive and has
been developed rapidly in the past decade. From 2009 to 2019, offshore
wind capacity has grown from being 1% of global wind installations to over
10% [3]. Moreover, it is believed that offshore wind energy has great poten-
tial for further development and will continue to expand impressively over
the next two decades [4,5]. As shown in Figure 1.1, the global cumulative
installed capacity for offshore wind is expected to increase to 228 GW by
2030 and to 1000 GW by 2050 [5].
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Figure 1.1: Wind energy development and future trends [5]

The rapid development of offshore wind will bring greater challenges
to operations related to the installation of offshore wind turbines (OWTs).
Figures 1.2 to 1.4 show the evolutions in the size of OWTs, average water
depth and distance to shore of offshore wind farms, respectively. It is visible
that in order to capture better and stable wind energy, the overall trend of
offshore wind energy is toward larger wind turbines, further offshore and
deeper waters. Depending on the water depth, bottom-fixed wind turbines
and floating wind turbines are the two main types of OWTs at present. The
associated operations related to transportation, installation, maintenance,
replacement and decommissioning, might be concept-dependent and make
the installation of OWTs much more complex and challenging.
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Figure 1.2: Size of offshore wind turbines [6]
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Figure 1.4: Average distance to shore of offshore wind farms [7]

1.2 Marine operations

According to the definition in Det Norske Veritas (DNV) [8], marine oper-
ations are non-routine operations of limited duration for handling objects
and vessels in the marine environment during temporary phases. Regard-
ing the offshore industry, activities related to transportation, installation,
inspection, maintenance and decommissioning of offshore structures are dif-
ferent types of marine operations. This thesis will focus on the installation
of OWTs in the case studies. But the overall methodology can be used for
different types of marine operations and marine structures. Accordingly,
prior to an introduction of various operations related to the OW'T instal-
lation, a classification of marine operations and a brief overview of marine
operations associated with offshore oil & gas and subsea fields are presented.



1.2.1 Weather-restricted and -unrestricted operations

For the planning and execution of marine operations, an important param-
eter is the operation duration. The duration, which is referred to as the
operation reference period (Tg), is normally defined by Eq. (1.1). Accord-
ing to the duration, marine operations can be typically classified into two
categories, weather-restricted and weather-unrestricted operations [8]. If Tx
of an operation is longer than 96 hours and Tpop is longer than 72 hours,
this operation is typically defined as a weather-unrestricted operation. Such
operation must be able to be performed under any weather that may be en-
countered for the season. Hence, long-term statistics of environmental con-
ditions are necessary to establish the corresponding environmental limiting
criteria. That is, environmental conditions that exceed a given probability
need to be considered as the basis for the design of weather-unrestricted
operations. As for the operation with T less than 96 hours and Tpop
less than 72 hours, it is usually defined as a weather-restricted operation.
When an operation is weather restricted, it could be planned with environ-
mental conditions set by owner, operator or contractor during the planning
phase [8]. In the execution phase, weather forecasts instead of long-term
statistics are crucial for decision-making. When the weather forecasts do
not exceed the limiting criteria within Tk, the operation can be executed
safely.

Tr =Tpop +1Tc (1.1)

where Tpop is the planned operation period and T is the estimated max-
imum contingency time.

1.2.2 Offshore oil & gas

The oil and gas industry deals with the extraction of natural oil and gas
from land (onshore) or water (offshore). In the offshore oil and gas industry,
various marine operations are involved, including towing and installation of
offshore platforms, oil and gas exploration and production, transportation
of the oil and gas to land, etc. Unlike operations on land, marine envi-
ronment is critical for marine operations, such as for the towing operation.
It is well known that offshore platforms are very large and heavy. For ex-
ample, the Troll A platform, built by Norwegian Contractors for Norske
Shell and located at the North sea, has an overall height of 472 meters
and weighs 656,000 tonnes [9]. To install such large and heavy platforms,
offshore structures are usually built onshore to save costs and facilitate
construction. After completion, these structures should be loaded out and
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transported offshore to the installation site. Correspondingly, sea trans-
port of self-floating objects or large structures by the use of tugs or heavy
lift vessels (HLVs) are necessary. Two types of sea transport are shown in
Figure 1.5.

(a) Wet tow by a tug [10] (b) Dry tow by a heavy lift vessel [11]

Figure 1.5: Two types of sea transport

(a) Kolskaya (under tow shortly be- (b) Kulluk (aground near Kodiak) [13]
fore it sunk) [12]

Figure 1.6: Two accidents related to towing operations

Attention should be given to weather conditions during the towing op-
eration. Ignoring or misusing weather information will be prone to lead to
accidents and disasters in towing operations. In 2011 and 2012, accidents
related to towing operations of the drilling rigs ‘Kolskaya’ and ‘Kulluk’ oc-
curred in Arctic waters [13], respectively, which are illustrated in Figure 1.6.
The accidents caused loss of lives and economic losses. Harsh weather was a
common factor in the development of the ‘Kolskaya’ and ‘Kulluk’ accidents
scenarios.



1.2.3 Subsea operations

Subsea operations are required for installation of subsea production system
(SPS), which is an important component in offshore oil and gas industry. A
SPS is an integrated template located on the sea floor, containing the well
system (such as the subsea tree), the production system (such as manifolds
and subsea processing systems) and the pipeline system (such as tie-ins and
production pipelines) [14], see Figure 1.7.

Figure 1.7: Subsea production systems [15]

To install the SPS, several subsea operations are involved, including
installation of subsea hardware, riser installation, pipelaying and the use
of underwater vehicles such as remotely operated vehicles (ROVs) and au-
tonomous underwater vehicles (AUVs) for subsea inspection, maintenance
and repair operations. For most of these operations, subsea structures are
transferred from the docks of a shipyard to the seabed at the installation
site, that mainly rely on crane and lifting operations. For the lifting op-
eration, subsea modules are lifted off from the deck and hanged in air,
lowered through the splash zone, and then lowered further in deep water
and landed on the sea bed [16]. This operation, which is illustrated in Fig-
ure 1.8 requires a high level of precision and control, to ensure the alignment
of modules on the seabed and avoid collisions. However, there are several
challenges during the execution of lifting operations. One of them is harsh
weather conditions [17]. The dynamic nature of marine environment can
cause hydrodynamic loads on subsea modules, especially in the splash zone.
Besides, horizontal offset of subsea modules due to current and the crane tip
motion due to the vessel motion may also happen. These further introduce
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risks and uncertainties in the SPS installation and will have a significant im-
pact on the operational costs and safety at sea. Therefore, decision-making
of these operations in the execution phase should be made carefully and low
sea states are necessary.

@ Lifting off
s T

Figure 1.8: Illustration of the procedure of subsea lifting operation [18]

1.2.4 Offshore wind turbine installation

As far as the installation of OWTs is concerned, associated marine oper-
ations involve installation of multiple components of OWTs such as foun-
dations, turbine tower, nacelle and blades. Typically operations for each
component are weather-restricted with a duration less than one day, while
it normally takes months for installation of the whole offshore wind tur-
bine farm. Depending on situations like the site condition, foundation type
and turbine size, different installation methods are required in actual OWT
installations. An overview regarding the installation methods of each com-
ponent for OW'Ts is given below.

1.2.4.1 Installation of foundations

Various types of foundations for OWTs are illustrated in Figure 1.9. Bottom-
fixed and floating OWTs are two main categories. To date, offshore wind
energy market is dominated by bottom-fixed foundations [19]. The most
common types are gravity based foundations (GBFs), monopiles and jack-
ets. Among them, the monopiles have the simplest structure and are widely
used in water depths up to 40 m [20]. GBFs are suitable for shallow water
where water depths less than 10 m [21] and appropriate for the clay, sandy
soil and rock seabed conditions [22]. For relatively deeper waters (50-70
m), the jacket type wind turbine foundations are competitive [23]. Installa-
tion procedures for OWT bottom-fixed foundations are inherited from the
offshore oil and gas industries [24], which are described below:



Monopile

Monopile is a single steel tube pile. Before installation, it is normally trans-
ported on the deck of crane vessels (e.g., jack-up vessels and HLVs) [25].
Besides, the wet towing method has also been applied to transport a float-
ing monopile [26], which is considered economical as the size and weight of
the monopile increase. Once it arrives at the installation site, the monopile
is lifted-off, upended and lowered to the sea bed by using a crane. After-
wards, a large hydraulic hammer will be used to drive it into the sea bed.

Jacket

Jacket is a foundation that uses a lattice framework with three or four
legs set on the sea floor, which can safely anchor the tower of the wind
turbine [27]. It can be transported in either an upright or horizontal position
on the deck of crane vessels or transportation barges. When on site, the
anchor piles are driven into the seabed using a hammer, which is similar
to the monopile installation. Afterwards, the crane lifts-off, upends (if the
jacket is transported in a horizontal position) and lowers the jacket into
the sea. Then the jacket is mated with the pre-installed piles. Finally, a
grouting mixture is usually used to fill the annulus between the pile and
foundation leg sleeves.

GBF

GBEF is a foundation that stands on the seabed with heavy weight (1500-
4500 tonnes) to resist the overturning moment [20]. Due to the limited lift-
ing capacities, the traditional method of using HLVs to install GBF faces
many challenges. Alternatively, the 'float and submerge’ method could be
applied for GBF installation [28]. Specifically, a self-floating GBF is pro-
duced on land and wet-towed using tug-boats to the installation site. By
ballasting and submerging it to the seabed, the installation of the GBF can
be completed.

In addition to bottom-fixed OWTs, floating wind turbines (FWTs) have
attracted intensive commercial and academic interest over the past two
decades, because they tend to be more suitable and cost-effective in deep wa-
ter locations. As illustrated in Figure 1.9 (b), three typical types of FWTs
are spars, semi-submersibles and tension leg platforms (TLPs). Similar to
floating platforms in oil and gas industries, FWTs are based on the restoring
mechanisms for achieving a hydrostatic equilibrium in deep water. Three
restoring mechanisms are shown in Figure 1.10, in which relative positions
of several typical FWT concepts are drawn to show their characteristics.
Among them, three representative FWTs are introduced to describe the
installation procedure of floating foundations for OWTs in the following.
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(a) Bottom-fixed types (monopile, GBF and jacket)

Mean water level

Semisubmersible .
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Mooring line platform
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Spar platform Mooring lines

(b) Floating types (spar, semi-submersible and tension leg platform)

Figure 1.9: Schematic of different foundation types for offshore wind tur-
bines [21]
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Figure 1.10: Illustration of FWTs based on the restoring mechanisms [21]
(Hywind [29], WindFloat [30], Tri-floater [31], S [32], FLOATGEN [33],
FLOW [34], GICON-TLP [35])

Spar

Spar is a simple cylindrical column foundation with small waterplane areas.
The world’s first spar FWT, Hywind Demo [36], was installed in 2009. In
the installation procedure, the spar foundation was wet-towed by tugboats
from Finland to Norway and upended by pumping water into it. Then solid
ballasting and water de-ballasting were carried out to install it and maintain
draft, respectively. After installing the spar, the tower and rotor assembly
were mated with it offshore.

Semi-submersible

Semi-submersible is a type of foundation composed of three or four columns,
which has increased waterplane area compared with the spar. Hence, it has
better hydrodynamic behaviour to resist wave loads. Besides, superior towa-
bility is another advantage of semi-submersible FWTs [37]. In recent years,
many semi-submersible foundations [38-42] have been designed, tested or
installed. For instance, for the WindFloat [38], the entire semi-submersible
FWT was assembled on shore in a dry dock and then towed by three tug-
boats to the installation site. With the assistance of an anchor handling
vessel, the whole system was moored at seabed.

TLP

TLP is a floating foundation that keeps station-keeping by anchoring heavy
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steel rods on the seabed using suction anchors or suction caissons [43]. Com-
pared to spar and semi-submersible, the traditional installation procedure
of TLPs is complicated. Normally, the tendons are dry-towed by a cargo
and pre-installed by a crane vessel. Alternatively, they could also be welded
with buoyancy modules and wet-towed to the site together. Then, the towed
assembled TLP FWT is secured to the tendons based on a ballast operation.
Finally, de-ballasting of water is performed to pre-tension the tethers. In
recent years, some new installation methods have been proposed, such as
the installation procedure of GICON TLP [44]. During transportation, a
floating slab was used to support the GICON TLP, and then the whole sys-
tem was towed to the offshore location by a tugboat. By ballasting the slab,
the GICON TLP was submerged to its final draft during the installation.

1.2.4.2 Installation of wind turbine components

In addition to foundations, the installation of OWT substructures is im-
portant. A wind turbine normally consists of six main components, that
are tower, nacelle, hub and three blades [45]. Different from transporta-
tion and installation of foundations, the wind turbine components can only
be dry-towed by crane vessels or transportation barges, and their installa-
tion is mainly based on lifting and mating operations. Compared to the
conventional operations in the offshore oil and gas industries, OWT oper-
ations generally face more challenges. This is mainly because in addition
to wave loads considered in conventional operations, wind loads have a sig-
nificant impact for installation of OWTs due to large installation height.
Presently, the offshore assembly of wind turbine components is normally
required after the foundation is installed. According to the number of pre-
assembled components, different installation methods can be applied, which
have been summarized in various researches [45-47]. Figure 1.11 shows an
example, listing six main installation methods [46]. Among them, onshore
pre-assembly and a single lift procedure (i.e., method 6 in Figure 1.11) is
generally preferred in the past, since it reduces the number of offshore lifts
and minimizes offshore assembly. Correspondingly, the challenging oper-
ations such as offshore mating processes will be reduced. However, this
method requires large-capacity cranes. As the size of turbines increases,
this method becomes less competitive and unattractive [48]. In this case,
the installation trend of offshore wind turbines is to assemble more turbine
components offshore, such as methods 1 and 2 in Figure 1.11.
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Figure 1.11: Installation methods for wind turbine components [46]

Tower

Installation of an OW'T tower requires lifting and mating operations. Simi-
lar to the installation of monopile foundations, the tower is normally lifted
by a crane vessel and then mated onto a pre-installed foundation. In addi-
tion, some novel ideas of tower assembly installation for OWTs have been
proposed [48,49] with a special subsea structure or an upending frame.

Blade

In recent years, single blade installation has drawn great interests [21]. Refer
to methods 1 and 2 in Figure 1.11, each blade should be lifted separately and
the entire wind turbine installation requires five to six lifts. One advantage
of single blade installation is that the required deck space of installation ves-
sels is small. Nevertheless, there are many challenges during the installation
process. For instance, the blade installation is quite weather-sensitive. Both
wave-induced motion of foundation and installation vessel and wind-induced
blade motion make the blade mating process rather difficult. Therefore, dy-
namic responses of the actual installation process should be studied. Kui-
jken [50] focused on single blade lifting operation and applied the horizontal
single blade mounting (HSBM) technique to study dynamic behaviour of
the blade. Jiang et al. [51] concentrated on the mating process for single
blade installation, and investigated motions of the blade root, hub, guide
pin and flange hole when a blade is mated on a monopile foundation. Zhao
et al. [52-54] conducted a series of studies about offshore blade installation.
They developed an integrated dynamic analysis method for the single blade
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installation and identified critical events and response limiting parameters.
It was found that the final mating phase is critical, and the corresponding
limiting parameters are the blade root radial motion and velocity. In addi-
tion, Verma et al. [55-57] developed an approach to estimate limiting sea
states and operability of the blade lifting operation and conducted impact
analysis on the blade root.

For offshore blade installation, two types of installation vessels are com-
monly employed, which are the jack-up crane vessels and the floating crane
vessels (see Figure 1.12). The jack-up crane vessels can set legs down to
the seabed and then elevate the hull above the sea surface to minimize the
impact of waves. Hence, one obvious advantage is that a stable working
platform is provided for operations like lifting and mating. Small workable
water depth and the large time consumption of the lowering and retrieval
processes of jack-up legs are main drawbacks limiting the usage of jack-up
crane vessels. In this case, the floating crane vessel could be regarded as
an alternative. Compared to jack-up crane vessels, the floating crane ves-
sels can be located and relocated easier and faster during the installation
process. Moreover, due to the wider range of applicable water depths, they
have greater flexibility in marine operations. However, the installation by
floating crane vessels will be more sensitive to waves. When performing op-
erations with floating installation vessels, it is necessary to investigate the
effect of weather conditions on the installation process.

(a) Jack-up crane vessel (Swire Blue (b) Floating crane vessel (Jan DE
Ocean) [58] Nul) [59]

Figure 1.12: Installation vessels for offshore wind turbines

1.2.5 Criteria for planning and execution of marine opera-
tions

Marine operations are normally carried out at offshore sites and some key
issues deserve particular attention, such as environmental conditions, struc-
tural integrity, metocean-induced load effects, operational criteria, weather
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forecast, etc. Generally, the planning and execution of an operation must
follow certain guidelines and standards. DNVGL-ST-N001 [60] and ISO
29400:2020 [61] are comprehensive standards that give general guidance for
marine operations. In addition, there are other guidelines focusing on en-
vironmental conditions [62], and for specific marine operations [63,64] or
offshore structures [65].

The basic criterion for safely performing a marine operation is that dy-
namic responses of the system during the operation should not exceed its
allowable limit [66]. This refers to the operational limit of the operation,
which should be determined in the planning phase. Guachamin Acero et
al. [67] proposed a general methodology for assessment of operational limits
of marine operations using response-based criteria. The methodology con-
sists of the identification of critical events and limiting parameters of a given
operation, dynamic response analysis of limiting parameters for all possible
sea states and estimation of corresponding characteristic values. To assess
dynamic responses, a detailed numerical modeling of actual operations is
required. Depending on the operation properties, frequency domain (FD)
or time domain (TD) method can be applied. In general, for operations
that can be considered under a linear assumption, it is possible to study
the dynamic response in frequency domain to significantly reduce computa-
tional cost. Whereas for complex non-linear systems, time domain response
analysis approach is more suitable. At present, this approach is widely used
to study dynamic responses of operations with floating systems [68-70]. For
instance, Hassan and Soares [71] proposed a novel concept of using a floating
vessel to install a pre-assembled offshore floating wind turbine and studied
it based on time domain simulations. Li et al. [72] studied an over-boarding
operation for a subsea template by performing numerical simulations in time
domain under various sea states. In addition, TD method is also applied to
structural design [73,74] and fatigue analysis [23, 75, 76] of offshore struc-
tures, planning [77] and operability analysis [67,78] of marine operations,
etc. By performing numerical simulations of the actual operations, dynamic
responses of the relevant limiting parameters can be analyzed and its char-
acteristic value can be estimated based on extreme value distributions for
a target exceedance probability. According to the comparison between the
characteristic value and the allowable limit of the limiting parameter, oper-
ational limits in terms of environmental variables such as significant wave
height Hj, peak wave period T, and mean wind speed U, (i.e., allowable
sea states) of the operation can be assessed. This procedure is illustrated
in Figure 1.13. Regarding the OW'T installation, Guachamin Acero et al.
established allowable sea states of transition piece mating [79] and fully as-



1.2. Marine operations 15

sembled turbine installation [66]. In addition, allowable sea states of the
monopile hammering process and blade mating process were established by
Li et al. [80] and Verma et al. [81], respectively.

.
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Figure 1.13: Criteria for planning and execution of marine operations

Once allowable sea states are assessed, they should be used in combina-
tion with different types of environmental data in planning and execution
phases of marine operations. In the planning phase, long-term historical
data of environmental conditions at an offshore site can be compared with
the allowable sea states to address the operability of an operation. The oper-
ability [66] measures the percentage of available time for execution of a ma-
rine operation during a reference period (e.g., all year, seasons or months).
This is essential for the selection of the suitable season for executing the op-
eration. In addition, if low operability and long downtime are observed, it
is possible to update the relevant equipment and vessel during the planning
phase to further improve the operability. During the execution phase, the
allowable sea states together with weather forecasting can provide a basis
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for operation decision-making. The operation is considered to be safe if the
short-term forecasts of environmental conditions are lower than the allow-
able sea states. According to the comparison results, decisions on whether
to start the operation can be made and specific execution time can be de-
termined.

1.3 Weather forecasting

As aforementioned, weather forecasts are important for execution of weather-
restricted marine operations. In this section, metocean data required for
marine operations is first summarized. Then weather forecasting methods
and application of weather forecasts in marine operations are presented.

1.3.1 Metocean data

Due to the random nature of wind and wave fields, statistical descriptions
are normally used to describe their properties. The most widely used sta-
tistical weather parameters in marine operations are H,, T}, and U,,, which
describe the wave and wind field characteristics over a certain period of time
(e.g., 1 hour or 3 hours). In order to support different phases of marine op-
erations, three types of metocean data are commonly adopted [82]:

o Measurements
e Hindcast data
e Forecast data

Among them, long-term historical measurements or hindcast data for
a given site is necessary in the planning phase of marine operations to
provide a description of weather at the location of interest. As illustrated
in Figure 1.13, they are able to assess the operability of an operation by
comparison with the allowable sea states of the operation. Measurements
can be collected by different kind of sensors like satellites, buoys, ships,
radars and so on [83]. Alternatively, long-term hindcast data could also be
possible to use. In addition to the measurements and hindcast data, another
important type of metocean data is the forecast data. At the execution
phase, it is necessary to assist decision-making on whether an operation
can be started and continued safely. The start time of weather-restricted
operations is normally determined by the forecasted weather windows.

Presently, hindcast and forecast data are normally produced by physics-
based numerical models. The difference between hindcasting and forecasting
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regarding waves is briefly illustrated in Figure 1.14. Wave hindcasting [84]
refers to reconstructing the historical wave conditions based on historical
winds by applying numerical wave models. For wave forecasting, numerical
wave models are identical to those used for wave hindcasting. However,
in this case the model must be driven by forecasted wind conditions, in-
stead of its historical values. In order to use hindcast and forecast data,
they should be thoroughly calibrated and validated against measurements to
demonstrate their accuracy. Various institutions have investigated physics-
based numerical models over the years, and validation results have indicated
that hindcast data have sufficient reliability [85-88]. Therefore, if in-situ
measurements are not available, the accuracy of forecast data can also be
evaluated by comparison with high quality hindcast data. Based on the
comparison result, the uncertainty in forecasting models will be assessed.
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Figure 1.14: Wave hindcasting vs. forecasting

Regarding weather forecasting, the timescales of forecast data required
for marine operations may differ. In this thesis, forecasting of short-term
environmental statistical variables like Hy and T}, is investigated, and the
overall length of forecast data is one-day-ahead, taking into account the
typical execution time of OW'T installations. Given that wave conditions
are more important for marine operations using floating installation vessels,
the main focus of this thesis is wave forecasting. In addition to environmen-
tal statistical variables, some applications also require forecasting of wave
elevations (such as the use of feedforward control in marine operations like
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motion compensation, crane operation, etc.). The corresponding forecast
timescale is seconds ahead [89-92]. This topic is beyond the scope of the
thesis, and the following descriptions of weather forecast refer to the fore-
casting of environmental statistical variables.

1.3.2 Evolution of numerical weather forecasting

Numerical weather forecasting is defined as the application of science and
technology to predict environmental conditions at a given location and time
in the future [93]. Researchers have tried to predict weather based on em-
pirical rules since the 19th century. As early as 1904, Vilhelm Bjerknes [94]
proposed an idea of using a set of equations of fluid mechanics based on
the laws of physics to estimate the state of the atmosphere in the future
through numerical methods. This idea was attempted to be realized manu-
ally by Richardson [95] to predict the global weather in the 1920s. Due to
the scale of the forecast and suitable fast computing was unavailable at the
time, the idea was not successfully implemented until the 1950s by a scien-
tific team [96]. They used the ENIAC digital computer to solve barotropic
vorticity equations numerically [97]. This was the first weather forecast
implemented by computers, that provided a basis for current numerical
weather prediction methods.

Horizontal Grid
(Latitude-Longitude)

Vertical Grid )
{Height or Pressure) |~

Figure 1.15: The schematic of the modern numerical prediction model [98]

Since then, computers have been widely used in the simulation of weather,



1.3. Weather forecasting 19

and several groups have begun to engage in the numerical weather predic-
tion [99-102]. With the advent of more powerful computers, the improve-
ment of forecasting methods and the increasement of spatial and temporal
resolutions, numerical weather prediction techniques have been gradually
developed on a global scale. The schematic of the modern numerical weather
forecasting model is given in Figure 1.15. In brief, by dividing the surface
of the Earth into discrete grid cells and entering the current weather condi-
tions as input into the numerical prediction model, approximate solutions of
future state of the weather in each cell are calculated using finite difference
or spectral methods.

1.3.3 Physics-based numerical models

At present, the Numerical Weather Prediction (NWP) is the most popu-
lar physics-based numerical model for wind forecasting. It provides a de-
tailed physical description of the atmosphere by utilizing a set of partial
differential equations called the primitive equations [103]. For some atmo-
spheric processes that are too small-scale or too complex to be explicitly
expressed, NWP models adopt parameterization scheme to represent and
reflect them in the primitive equations. Figure 1.16 provides an illustration
of different parameterized processes approximated in the model. For more
detailed information on parameterization schemes for different processes, re-
fer to [104-106]. To simulate the future state of the atmosphere, the NWP
model uses current observations such as wind speed and pressure at the
bottom, lateral and top of the atmosphere to initialize equations which are
known as the initial boundary conditions. Then the primitive equations are
solved numerically by discretization in space and in time, and atmospheric
parameters such as surface pressure, three-dimensional wind components,
temperature in the future can be obtained.

Regarding wave forecasting, physics-based wave models aim to utilize
physical variables to find precise equations that mimic the behavior of wave
evolution, and then predict the evolution of the wave energy using numerical
techniques. According to the level of parameterization of generation, dissi-
pation and nonlinear wave-wave interactions, the physics-based wave mod-
els can be further classified into first-, second- and third-generations [108].
With the increase of computational capacity, the most mature one, namely
the third-generation wave models has presently become the most powerful
tool for hindcasting and forecasting wave conditions. It applies the wave
energy balance equation for describing the evolution of wave spectra in time,
geographical and spectral spaces. In addition, it does not impose any priori
shapes of the spectrum and considers nonlinear wave-wave interactions [109].
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The most popular of such models are WAM (Wave Modeling) [109], Wave
Watch IIT [108], SWAN (Simulating WAves Nearshore) [110] and STWAVE
(Steady State WAve Model) [111]. Among them, WAM and WaveWatch
IIT are ocean scale models which are predominantly used for predictions
in deep water, while SWAN and STWAVE are coastal or shelf-sea models
which include the wave modifications in the nearshore area and are more
oriented towards predictions in shallow water [112]. To drive physics-based
numerical wave models for wave forecasting, the forecasted mean wind speed
and direction at 10 m above mean sea level are the key inputs. Initial and
boundary conditions of the wave field are also needed. Numerical techniques
such as the finite difference method are employed for spectral wave compu-
tation. Typical forecasted wave parameters are short-term (for example,
one-hour or three-hour) wave spectra, from which Hy and T, for total sea,
wind-generated sea and swell can be obtained.

Overall, physics-based numerical models can capture deep existing knowl-
edge based on physical phenomena. However, they are complicated math-
ematical systems, which include differential and integral equations, param-
eterization schemes, highly nonlinear empirical expressions, etc. In fact,
selection the perfect parameterization schemes to approximate physical pro-
cesses is challenge. Besides, they normally require large computational and
storage resources, which may limit their applications.

1.3.4 Data-driven models

In addition to the physics-based numerical models, some novel machine
learning algorithms have been proposed and utilized in weather forecasting
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in recent years. Instead of solving differential equations by numerical tech-
niques, machine learning applies data-driven models to provide forecasts by
the relation directly found from the historical time series. Therefore, mod-
eling simplicity and high cost efficiency are their significantly advantages.
One conventional type of data-driven models is the statistical model, such
as the autoregressive (AR) model [113-116], the autoregressive moving aver-
age (ARMA) model [114,117-120] and the autoregressive integrated moving
average (ARIMA) model [121-124], which expresses the future weather as a
linear function of its previous data. However, one issue of statistical models
is that they generally show limitations in modeling nonlinear patterns [125].
For complex systems like the atmospheric and wave conditions, it may not
be enough to express the system as linear functions. By contrast, neural
networks express more comprehensive input-output relationships through a
network on the basis of a large amount of historical data of both inputs
and outputs. This relationship can be a relation between data at different
time steps in a single time series or a relation between different variables
with an implicit physical background. At present, the most popular model
for weather forecasting is the artificial neural network (ANN) [126-135]. In
addition to ANN, wave and wind forecasting by other advanced neural net-
works, such as the recurrent neural network (RNN) [136,136,137], the con-
volution neural network (CNN) [138] and the adaptive-network-based fuzzy
inference system (ANFIS) [139-141], have also been investigated. However,
due to the fluctuation and randomness of weather conditions, most of the
above studies have mainly focused on one-step-ahead forecasting of weather
conditions, while multi-step-ahead forecasting has rarely been studied. Wu
et al. [142] proposed a decomposition-ANFIS method to forecast 24-step-
ahead wind and wave conditions with relatively good performance. Similar
studies [126, 143-145] were also conducted to forecast weather conditions
with multiple forecast steps. Although the time scale of weather forecast-
ing has been expanded to a certain extent, multi-step-ahead forecasting of
weather conditions is typically faced with growing uncertainties. As a re-
sult, the forecast performance of the adopted data-driven models decreased
significantly with the increasing forecast time horizon. This implies that al-
though highly capable of training on data, the complexity and randomness
of wind and waves still challenge the usage of machine learning algorithms.

1.3.5 Application of weather forecasts in marine operations

As aforementioned, in the execution phase of marine operations, it is neces-
sary to use weather forecasts produced from physics-based numerical meth-
ods or machine learning-based methods. The wave and wind forecasting is
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strongly dependent on what input information that are available up to the
current time. In practice, whether it is possible to get real time measure-
ments or numerical data of wave and wind conditions should be considered.
The ideal condition is that all input information up to the current time are
available and accurate. If not, the forecast can only rely on the data up
to a time instant in the past. In this case, there will be additional uncer-
tainty. However, this issue is not addressed and discussed in the thesis. It
is assumed that the weather forecasts utilized in marine operations come
from forecasting models with all accurate and known inputs. In the follow-
ing, three possible applications of weather forecasts in marine operations
are described, that are the system response prediction, operational weather
windows assessment and response-based operational limit correction.

System response prediction

The forecasted variables, such as Hy, T}, Uy, and wave spectrum, can be used
to generate future weather conditions. By means of numerical modelling
and dynamic response analysis, dynamic motion responses (such as crane
tip motion and blade root motion) and structural responses (such as lift
wire tension or stress in structural components) of operation systems can
be predicted under these conditions. According to the properties of the
operation, two kinds of analysis (i.e., frequency-domain and time-domain
response analysis) can be applied. For the former, weather forecasts are
combined with transfer functions of the structure to obtain corresponding
response spectra and response statistics, such as extreme value of a given
reference period. In contrast, for response analysis in time domain, one
has to simulate the operation multiple times under the forecasted weather
condition and obtain time series of responses, and then process them to
get the response spectrum and statistics. Obviously, the quality of weather
forecasts greatly affects the accuracy of system responses.

Weather window assessment

For execution of weather-restricted marine operations, the workable weather
window is essential to assist the operation decision-making. Weather win-
dow is the time interval when marine operations can be performed safely.
Normally, it depends on the duration of an operation, allowable sea states
and weather forecasts. By means of the comparison results between weather
forecasts and allowable sea states, the weather window can be identified.
Once the weather window is provided, it is convenient to decide whether
and when the operation can be safely performed. In this procedure the
quality of weather forecasts is important.

Response-based operational limit correction
In the above two applications, the uncertainty in weather forecasts is not
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taken into account. However, ignoring the weather forecast uncertainty
will increase the risk of marine operations and increase the possibility of
waiting on suitable weather. Furthermore, unpredicted extreme sea states
may even cause accidents and casualties during the operation. Therefore,
the uncertainty in weather forecasts and their effect on marine operations
should be addressed. One possible way is to correct the response-based
operational limit more conservative by evaluating and quantifying weather
forecasts. This is also one of the objectives of this thesis. The description
related to the weather forecast uncertainty will be given in Sec. 1.4

1.4 Weather forecast uncertainty

It is well known that there are uncertainties in weather forecasts, no matter
which forecasting method is employed. The accuracy of weather forecasts
is normally assessed by comparing forecasted data with reference data from
measurements or hindcasts. Then, the forecast error statistics can be cal-
culated to quantify the forecast uncertainty at different forecast lead times.
Typical error statistics include mean value and standard deviation, root
mean square error (RMSE), correlation coefficient, etc.

Furthermore, how to reflect weather forecast uncertainty when perform-
ing marine operations is a key issue. So far, only a few studies have been
published on investigating the effect of weather forecast uncertainty on ma-
rine operations. At present, an alpha-factor o (a normalized factor less than
1) proposed by DNV [146], is normally used to address the uncertainty in
weather forecasts for marine operations. It is determined by evaluating H
forecasts and the aim of it is to reduce the initial design limit of H, to a cer-
tain extent and therefore making the operation limit more conservative. In
practical applications, DNV [8] provides tabulated a-factors for European
waters, allowing users to select one for weather-restricted operations based
on the operation duration, design wave height, the quality of weather fore-
casts, whether meteorologists or measurement equipment are available on
site, etc. The selected factor can subsequently be used to correct the allow-
able H; to include the weather forecast uncertainty. Following this method,
a similar study was carried out by Wilcken [147] to generate alpha-factors
in the Barents Sea.

Although tabulated alpha-factors for Hy are explicitly given in the stan-
dard, tabulated alpha-factors for other wave variables are not provided. It is
well known that floating offshore structures are increasingly used for marine
operations, and such structures are sensitive to wave periods. For marine
operations involving floating systems, forecast uncertainty in wave periods
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such as T}, is also important and should be taken into account. Furthermore,
the alpha-factor is derived from simple sea state variables without consider-
ing the characteristics of offshore systems. In other words, it is independent
of the type of marine operations. However, the failure of marine operations
is in principle related to the physical response of offshore structures during
operations. The extreme response essentially decides whether a specific op-
eration can be safely performed during the execution phase. Therefore, it is
necessary to define a response-based factor to quantify the effect of forecast
uncertainties in both Hg and 7}, on marine operations.

1.5 Aim and scope

The primary aim of the research is to investigate the effect of weather fore-
cast uncertainty on marine operations. In order to achieve this, the main
objectives of this thesis are summarized as follows:

e Develop and establish different machine learning-based methods for
multi-step-ahead forecasting of wave conditions.

o Assess and compare forecast performance of different forecasting meth-
ods and quantify their forecast uncertainty.

» Propose a correction factor to reflect the effect of weather forecast
uncertainty on dynamic responses of the system used for marine op-
erations.

e Develop a methodology for assessment of allowable sea states for ma-
rine operations, with emphasis on considering the effect of weather
forecast uncertainty.

e Take the blade installation of offshore wind turbines as an example
to verify the methodology. Generate related correction factors, assess
correspondingly allowable sea states and identify workable weather
windows for the blade installation.

The scope of this thesis is shown in Figure 1.17, where main topics and the
interconnection between different parts are illustrated.

The first part focuses on the use of machine learning algorithms to
forecast wave conditions. Two related methods, i.e., the time series-based
machine learning (TSML) method and the physics-based machine learning
(PBML) method are developed and established. With regard to the forecast
horizon, one-step-ahead forecasting is carried out first, in order to verify the
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applicability of machine learning algorithms in the scope of weather forecast.
Afterwards, multi-step-ahead forecasting is performed, to take into account
the operation duration required in the execution of marine operations. On
the basis of the multi-step-ahead forecast results, the forecast uncertainty
at each forecast step of the models is quantified.
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Figure 1.17: Scope of the thesis

Subsequently, the effect of weather forecast uncertainty on marine oper-
ations is investigated. By combining uncertainty quantification of weather
forecasts with response-based operational limiting criteria for an operation,
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a correction factor ap is derived and generated in terms of the forecast lead
time. This factor makes the operational limit more conservative by taking
weather forecast uncertainty into account. In addition, a general methodol-
ogy for assessment of allowable sea states for marine operations is proposed,
with emphasis on considering weather forecast uncertainty. It consists of
uncertainty quantification of the sea state forecast, statistical analysis of dy-
namic responses of the coupled system for marine operations and allowable
sea state assessment using response-based criteria.

Finally, based on the methodology, the blade installation for offshore
wind turbines using a semi-submersible crane vessel is performed as a case
study. Typical limiting response parameters, namely the crane tip motion,
and blade root radial motion and velocity are selected to illustrate the fea-
sibility of the method using frequency- and time-domain response analysis
approaches, respectively. The ag of each limiting parameter is generated
first. Then, the allowable sea states of the blade installation are assessed,
including the effect of the weather forecast uncertainty on the operation
decision-making. By comparison the allowable sea states with weather fore-
casts in the execution phase of installation, workable weather windows can
be further identified and selected.

1.6 Thesis outline

This thesis is composed of six chapters. The content of each chapter is
briefly summarized below.

Chapter 1:

This chapter introduces background, aim and scope, and outline of the
thesis. An overview of marine operations, weather forecasting, and weather
forecast uncertainty is also presented.

Chapter 2:

This chapter introduces machine learning-based weather forecasting meth-
ods. A brief introduction of machine learning is given, focusing on the key
issues that should be considered in weather forecasting. Then several ma-
chine learning techniques utilized in the thesis are introduced. Afterwards,
two machine learning-based weather forecasting methods are developed, and
approaches of forecast performance evaluation are presented.Finally, how to
apply machine learning-based weather forecasting methods in reality as well
as their assumption and limitation are discussed.

Chapter 3:

This chapter first presents a brief description of the study area and used
metocean data. Subsequently, weather forecast results based on two types
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of machine learning-based forecasting methods are summarized and their
forecast uncertainties are quantified. In addition, a comparison analysis be-
tween machine learning-based methods and physics-based numerical meth-
ods is performed.

Chapter 4:

This chapter introduces a methodology for developing a response-based
alpha-factor ap and assessing allowable sea state of marine operations con-
sidering weather forecast uncertainty. The key parameters, framework, and
the relevant techniques are also given.

Chapter 5:

The blade installation of offshore wind turbines by a semi-submersible crane
vessel is performed. Following the proposed methodology, the agr factors
of limiting response parameters (i.e., crane tip motion, blade root radial
motion and velocity) are derived respectively. In addition, the allowable sea
states of the blade installation are assessed.

Chapter 6:

Conclusions, highlight of original contributions and recommendations for
future work are provided in this chapter.
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Chapter 2

Machine learning-based
weather forecasting methods

This chapter introduces weather forecasting methods utilized in the thesis,
with an emphasize on adopting machine learning algorithms. It starts from
an overview regarding basic information of machine learning and types of
datasets required for development of data-driven models. Meanwhile, some
key issues in developing weather forecasting methods are highlighted, includ-
ing the selection of input variables and classification of forecast steps. After-
wards, several machine learning techniques are briefly introduced. Two fore-
casting methods, i.e., time series-based machine learning (TSML) method
and physics-based machine learning (PBML) method, are subsequently de-
veloped and established. Application, assumption and limitation of these
weather forecasting methods will be summarized at last.

2.1 Introduction

2.1.1 Machine learning

Machine learning, which belongs to the field of computer science, is the
application of artificial intelligence techniques to automatically learn from
historical data and make predictions of future data. The origin of machine
learning can be traced back to the 1950s. This term was proposed by an
American computer scientist Arthur Samuel in 1959 [148], who defined ma-
chine learning as a ‘Field of study that gives computers the ability to learn
without being explicitly programmed’. Compared with traditional mod-
els with explicit equations, machine learning can quickly and automatically
generate models by analyzing higher-dimensional and more complex data,

29
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finding relationships between the system state variables (i.e., inputs and out-
puts) and then make predictions on new input based on the relationships.
In recent years, with cheaper and more powerful computing processing, the
growing volumes and varieties of available data, as well as affordable data
storage, machine learning has become more popular than ever. At present,
machine learning has been widely used in various fields, such as speech
recognition [149-152], processing images [153-156] and automatically trans-
lations [157-159]. In the field of marine engineering, machine learning has
also tried to be applied to response prediction [160-162], damage detec-
tion [163-165], reliability assessment [166] and fatigue analysis [167,168] of
offshore structures in recent years.

The thesis focuses on exploring and applying machine learning algo-
rithms to forecast wave conditions. The machine learning-based forecasting
model can be simply expressed as Eq. (2.1), in which X and Y are the in-
put and output variables, respectively. For weather forecasting, input and
output variables can be selected relying on the correlation between data of
a single environmental variable, or based on physics so that the selected
input and output variables have a clear physical relationship. This will be
discussed in detail in Sec. 2.1.4. In addition, f is an algorithm that is
employed to learn the mapping function from input to output. In order to
establish f and evaluate the forecast performance of the model, different
types of datasets are required.

Y = f(X) (2.1)

2.1.2 Training, testing and validation sets

According to the purpose of data usage, three types of datasets are required
in machine learning, which are the training data, validation data and testing
data. All of them consist of pairs of inputs and outputs.

e Training data: A set of dataset used to train the model, i.e., to fit
the parameters in f. The corresponding procedure is called training
process.

e Validation data: A set of dataset used to tune the model’s hyper-
parameters, in order to prevent the model from overfitting during the
training process.

» Testing data: A set of dataset used to test the performance of the
trained model. The corresponding procedure is called testing process.
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When using machine learning, the training process needs to be performed
first to learn the model based on the training and validation data. Then the
trained model is checked with a new set of data (i.e., testing data) in the
testing process. In this process, the forecast performance of the models can
be evaluated through comparison between forecasted data and actual data.

2.1.3 Forecast step

For weather forecast based on machine learning algorithm, it is important to
point out the forecast step. According to the number of forecast steps, fore-
casting can be divided into two types, which are one-step-ahead forecasting
and multi-step-ahead forecasting. At present, most of the studies related to
the machine learning-based weather forecast are focused on the former one.
One-step-ahead forecasting only generates one value at the next time step,
and therefore, it provides weather for the time-step immediately following
the current time and no information about the behavior of weather con-
ditions for longer time. In comparison, multi-step-ahead forecasting aims
to generate multiple time steps forecasts in the future, i.e., the future time
series of weather. This is of great significance for marine operations, since
it can provide overall information about the future weather covering their
execution duration. However, multi-step-ahead forecasting is challenging,
since it typically faces a growing amount of uncertainties, such as error
accumulation, lack of enough input information and so on.

2.1.4 Input variable selection

As illustrated in Eq. (2.1), there are two important components required
to be determined, i.e., input and output variables, and machine learning
techniques. The following part discusses the input variable selection, with
special emphasis on issues related to the weather forecast.

The selection of input and output variables is an initial step for develop-
ing a forecasting model and has a significant impact on forecast performance.
Regarding wave forecasting, there could be various options for the input-
output combination. For instance, input and output data can be selected
just based on possible correlation in time series of the forecast variable.
This means that the future data merely depends on its relationship with
the past data, which does not reflect a physical process. In addition, past
data from other variables related to the output variable can be additionally
introduced. Accordingly, the effect of past data of other variables on the
future data of the forecast variable is included, and physical phenomena in
wave fields can be implicitly considered to a certain degree. But in principle,
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the above two options make forecasts by capturing the correlation between
data in one or more time series. Thus, they are called the time series-based
machine learning (TSML) method in the thesis, which are introduced in
Secs 2.1.4.1 and 2.1.4.2, respectively.

Furthermore, the input-output relationship can also be selected based
on explicit physical processes. The method of selecting input and output
through physical phenomena and using machine learning to train the model
and make forecast is called the physics-based machine learning (PBML)
method. From the perspective of wave evolution, variables related to wave
generation may be considered as inputs. If all necessary input information
are included, such system is typically causal that can result into a better
forecasting. However, the completeness of the input variable and availability
of input information should also be taken into account.

According to different input-output combinations, machine learning-
based weather forecasting methods developed in the thesis are classified
into following three types. For the sake of illustration, one-step-ahead Hj
forecasting is taken as an example to describe them respectively in Secs
2.1.4.1 to 2.1.4.3.

« Univariate time series-based machine learning (TSML) method
» Multivariate time series-based machine learning (TSML) method

 Physics-based machine learning (PBML) method

2.1.4.1 Univariate TSML method

This method has been commonly used to make prediction in a wide variety
of industries for years. This is the simplest one of the three, since it only
relies on auto-correlations in a single time series. One example can be seen
in Eq. (2.2), which shows the univariate TSML model for H, forecasting.
In the equation, ¢ is assumed as the current time. The current data H(t)
and past data Hg(t — 1), Hs(t — 2), ... are used as inputs to forecast the
next value Hy(t + 1).

Hy(t+1) = f(Hy(t), Hy(t - 1),...) (2.2)

For this method, the input data can be selected by checking auto-
correlation functions of the forecast variable, in order to decide how much
information in the past will affect the future data. No physical phenom-
ena is explicitly taken into account in such a model. Wave and wind fields
generally show complex and non-stationary patterns, and the statistical
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variables such as Hg and T}, will change irregularly and dynamically with
time. This makes the weather forecasting much more difficult to handle
compared with other prediction problems. For one-step-ahead forecasting,
the univariate TSML method can perform well. Whereas it may not have
sufficient capacity to provide accurate weather forecasts when the forecast
horizon expands, since the correlation between data in time series will be
decreased significantly.

2.1.4.2 Multivariate TSML method

In addition to considering time series of the forecast variable, it is also
possible to add time series of other variables to assist in forecasting. The
method of using past data of multiple variables as input is called multivariate
TSML method. One example is shown in Eq. (2.3), which uses the past and
current U,, and Hg to forecast future H,.

Hs(t + 1) = f(Hs(t)v Uw(t)vHs(t - 1)’ Uw(t - 1)7 ) (2'3)

Obviously, compared with the previous method, the multivariate TSML
method adds wind field information (i.e., past and current mean wind
speed data) to help forecast. This means that in addition to using auto-
correlations of data in the Hy time series, the cross-correlation between pre-
vious U,, and future Hy is also considered to build the forecasting model.
Since there is an intrinsic physical relationship between U,, and H in nature,
the physical properties of the wave field can be included in the forecasting
model to a certain extent by this method. Nevertheless, it essentially be-
longs to a time series forecasting method, not a method based on physical
phenomena.

2.1.4.3 PBML method

The above two methods assume the future Hy can be completely determined
by the past Hs and/or U,,. The lack of causality is a potential disadvantage
of them. Alternatively, the forecasting model can take physical background
into account by applying the primary inputs in physics-based wave models
to design the model structure. With reference to the physics-based wave
forecasting system, two primary inputs are included in the PBML method,
namely the initial condition and the wind forcing. On one hand, the model
is initialized with the wave condition characterized by H, and T}, at the
current time ¢. On the other hand, the wind conditions from the past to the
time of forecast, characterized by mean wind speed U,, and wind direction
D, at different time steps, should be involved as the wind forcing in the
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wave forecasting system. By doing these, the input variables of this method
are similar to the physic-based wave models but with the help of machine
learning to make forecast. It should be mentioned that this is a simplifica-
tion of physical modelling because only wind is considered as forcing. The
input wind forcing reflects the physical process of wave generation, while
other processes like wave dissipation and wave-wave interactions considered
in physical modelling could be automatically learned by machine learning
algorithms from data. The corresponding forecasting model based on the
PBML method can be shown in Eq. (2.4).

Ho(t+1) = f(Ho(t), Tp(t), Un(t + 1), Un(t), Du(t + 1), Du(t),..)  (2.4)

Depending on the utilized wind forcing, the PBML model can be a quasi-
static system or a mixed system. If the wind forcing only has the wind speed
and direction at the same time as the output, the PBML model is repre-
sented as a quasi-static system. Besides, it is also possible to additionally
include the wind forcing at several previous time steps before the forecast
step, in attempting to capture the dynamic characteristics of the wind field
(e.g., Uy(t), Dy(t) in Eq. (2.4)). In this case, the forecasting model is a com-
bination system, considering both quasi-static and dynamic processes. The
most essential difference between this method and the multivariate TSML
method is that the former adds future forcing as inputs, while the TSML
method only includes past variable information.

2.2 Machine learning techniques

After determining the input and output variables, machine learning tech-
niques should be employed to learn the inherent relationship between them
based on the training data. Several machine learning techniques which are
used for weather forecasting in the thesis are introduced. Firstly, two data
pre-processing techniques are described, that can help to extract the useful
information from the data and improve the learning ability of the model.
Afterwards, four data-driven models utilized for weather forecasting are
presented. Finally, a description of multi-step-ahead forecast strategies is
given.

2.2.1 Data pre-processing

Data pre-processing is a data mining technique whose main purpose is to
transform raw data into an understandable format [169]. In this subsection,
two pre-processing techniques, which are decomposition technique and em-
pirical mode decomposition (EMD), are described separately.
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2.2.1.1 Decomposition technique

The decomposition technique was developed by Athanassoulis and Ste-
fanakos [170], which is able to eliminate the non-stationary influence in
weather prediction process. It converts the initial time series to stationary
ones by extracting the monthly mean value vector and the covariance ma-
trix. Based on this technique, Stefanakos [141,171,172] processed the wind
and wave data and successfully employed adaptive-network-based fuzzy in-
ference system (ANFIS) to make one-step-ahead forecast at the North At-
lantic Ocean. The decomposition model for multivariate time series [173] is
defined as

Y(t) = M) + 3(t) W(t) 2.5)

(N x 1) (N x 1) (NxN) (Nx1) (2

or, in matrix notation

i Yl(t) i I Ml(t) i I Ell(t) Elg(t) ElN(t) 1T Wl(t) i

Yo (t) Mo(t) Yo1(t)  Xoo(t) -+ Xan(t) Wa(t)

V) | T M [T Sa® Se o Sav® || wa
v ] LM ] [ Sa®) S o S | _W&((t)_
2.6)

where N is the number of time series. Y(?) and W(t) represent the initial
and corresponding stationary time series, respectively. M(t) and X(t) are
the monthly mean value vector and the covariance matrix with period of
one year respectively, which represent the ‘seasonal patterns’ of the initial
time series. They can be estimated by averaging the monthly mean values
M3 ,,(j,m) and the covariance matrix Sz ,;(j, m) over J years [174], which
are shown as Egs. (2.7) and (2.8), respectively. In these two equations,
Y, (4, m, Tx) is a re-parameterized expression of Y, (), shown as Eq. (2.9).

J J Km
- 1 . 1 1 )
M3,n(m) = j E M3,n(]7m) = j E Km E Yn(j)m77—k) (27)
j=1 j=1 k=1

13 ¢ LS (Goma i) — My (am)][YiG m, ) — My (G m)]
1

(2.8)
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j:17"'7‘]
Yn(jamka)7 mzlv 512 ) nzlv ’N (29)
k:17...,Km

where j is the year index, m is the month index and 7, is the k*" observation
in the m' month. The number of observations in the m! month is K,,.

The aim of the decomposition technique is to reduce the seasonal effects
in the metocean data. One example is illustrated in Figure 2.1, where the
initial time series and the corresponding decomposed time series of H in
one year are shown in subfigure (a) and (b), respectively. It is visible that
the decomposed time series becomes a zero-mean stochastic process and the
seasonal effects in the data could be reduced to a certain degree. By using
the decomposed time series, it is easier to train the forecasting model and
then generate forecasts.
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(a) Initial time series
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(b) Decomposed time series

Figure 2.1: Initial and decomposed time series of Hg in one year

2.2.1.2 EMD

Empirical mode decomposition (EMD) is a self-adaptive time series decom-
position technique which usually analyzes non-linear and non-stationary
signals [175]. The basic idea of EMD is to decompose a signal into a set of
oscillatory components called intrinsic mode functions (IMFs) and a residue
by sifting process [176]. An IMF is a complete and nearly orthogonal basis
for the signal and it needs to fulfill two basic conditions:

a) the number of zero-crossings and extremes must be equal or differ at
the most by one in the entire data set;
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b) the mean value of the envelope defined by local minima and the
envelope defined by local maxima is zero at any point in the IMF.
According to the above definitions, an initial time series Y(¢) can be

decomposed as
n—1

Y(t) = Li(t) + () (2.10)
1
is the residue of the initial signal.

i

where I;(t) is the 7" IMF and 7, (¢
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Figure 2.2: Illustration of using EMD for a Hs time series

Figure 2.2 shows an example of the decomposition result of a Hg time
series based on the EMD. After decomposition, forecasting model for each
IMFs or residue is developed to make forecast. Afterwards, all generated
forecasts will be recombined to get the final result.

2.2.2 Data-driven models

In this subsection, four representative data-driven models are introduced,
which are the autoregressive integrated moving average (ARIMA), artifi-
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cial neural network (ANN), recurrent neural network (RNN) and adaptive-
network-based fuzzy inference system (ANFIS).

2.2.2.1 ARIMA

Autoregressive integrated moving average (ARIMA) model is one classical
forecasting technique based on the time series statistical analysis. It ex-
presses the future data of a variable as a linear combination of its past be-
havior by analyzing the correlation between values in a time series. ARIMA
is the combination of autoregressive (AR), integrated (I) and moving aver-
age (MA) processes. In order to reflect the structure of an ARIMA model,
it is generally denoted as ARIMA (p,d, q), where:

a) p is the order of the AR model, representing the number of lags of
the past data.

b) d is the order of the differencing, which is used to stable the initial
data.

¢) ¢ is the order of MA model, representing the number of lags of the
past errors.

An AR model is a model where the output depends linearly on its own
lags and a MA model is the one that the output depends linearly on the
lagged forecast errors. The AR (p) model and MA(q) model can be written
as Egs. (2.11) and (2.12), respectively.

Y (t) = c—l—Zp:gbiY(t—i) +e(t) (2.11)
=1

Y(t)=p+ Y 0;e(t — ) +e(t) (2.12)
j=1

where Y (¢) is the output at time t. Y (¢t —4) and (¢t — j) are the past data
and white noise error at time ¢ —7 and ¢ — j, respectively. ¢; and 6; are the
ith and j* coefficients of the AR and MA models, respectively. ¢ and p are
a constant value and the mean of the series, respectively.

A typical ARIMA model which expresses the data at time t as a linear
function of previous data and white noise errors can be defined in the form

Y(t)=c+ Zp:@-f’(t—z‘) +Zq:9ja(t — ) +e(®) (2.13)
i=1 j=1

where Y (t) is the predicted data at time ¢. It should be noted that the data
Y (t) in Eq. (2.13) are stationary after making a d-order difference to the
initial data. The description of other parameters is the same as above.
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2.2.2.2 ANN

Artificial neural network (ANN) is a typical machine learning algorithm that
mimics the process of biological neurons system for receiving, processing
and transmitting information [177]. Generally, an ANN model consists of
three types of layers, namely an input layer, one or more hidden layers and
an output layer. All layers are composed of several neurons. Neurons in
different layers are simple but highly interconnected, in order to simulate the
processing and transmission of information in the human brain. An ANN
model with one hidden layer is illustrated in Figure 2.3 as an example.

Feed forward process
[ >

Input layer Hidden layer Output layer

fhj(xi; w

ij» j

Back propagation process

< ]
Figure 2.3: Structure of a typical ANN

The input and output layers contain n and p neurons representing the
input and output variables, respectively. The middle layer connecting the
input and output layers is the hidden layer, which contains m neurons. The
neuron in each layer receives input information (from the neurons in the
previous layer based on the corresponding weight, bias and activation func-
tion) and then further propagates it forward to the neurons in the following
layer. Egs. (2.14) and (2.15) show the calculations of the hidden neuron
and output neuron, respectively.

hj = fjh (Z Wi i + bj) , j=1-- m (2.14)

i=1
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n
vk =gk | D _uwkhj+co| o k=1 ,p (2.15)
j=1

where f and ¢ are activation functions of the hidden and output layers,
respectively. The commonly used types of activation functions are linear,
sigmoid, hyperbolic tangent and so on. w;; and wuj;, are weights from input
neuron z; to hidden neuron h; and from hidden neuron h; to output neuron
Yk, respectively. b; and c; are biases of neurons h; and y, respectively.

During the training process, the optimal weights and biases can be de-
termined by using the error back propagation algorithm [178,179]. This
algorithm aims to minimize the difference between actual and forecasted
values by updating the weights and biases of the network. In the training
phase, the initial weights and bias are selected arbitrarily. Then, they are
adjusted iteratively to reduce the error rate by an optimization algorithm
(e.g., the gradient descent method). When the overall error is within an ac-
ceptable range, the training process stops and the optimal neural network is
determined. In the subsequent testing phase, the forecasts can be generated
directly by using this optimal neural network with new inputs.

The ANN model has proven to be a powerful tool in a wide variety of
weather applications since the late 1980s. More recently, advanced neural
networks have been proposed to improve the efficiency of the algorithms
and utilize more computational power. Among them, RNN and ANFIS
are two representative networks. The following parts of this subsection will
introduce them separately.

2.2.2.3 RNN

Recurrent neural network (RNN) is an advanced neural network which is
especially designed for analyzing sequential data [180]. Compared to a clas-
sical ANN, RNN can preserve the intrinsic temporal dependencies in the
time series based on the existence of loop structure where the current out-
put depends on the previous hidden neurons. As illustrated in Figure 2.4(a),
x; is the input, y; is the output and h; is the hidden output at time step
t. U, V and W are the input weights, output weights and recurrent layer
weights, respectively. As shown in Eq. (2.16), the hidden state h; is com-
puted not only based on the current input x;, but also on the previous
hidden state h;_1, from which it can make use of the information of the
previous sequence.

hy = tanh(Uﬂvt + Whtfl) (216)

where tanh is the hyperbolic tangent function.
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Figure 2.4: The structures of RNN and LSTM

However, RNN may suffer from the vanishing gradient problem during
the training process, especially in long sequence [181]. In this case, long
short-term memory (LSTM) as an extended version of RNN and proposed
by Hochreiter and Schmidhuber [182], is able to tackle this problem through
its special structure of hidden layers. In contrast to a standard RNN, three
gate structures, namely forget gate, input gate and output gate, are incor-
porated in the hidden layer in LSTM, to control information flow between
different time steps and avoid the long-term dependencies problem. Fig-
ure 2.4(b) shows a typical structure of LSTM, where i, f;, and o; represent
the input, forget and output gates at time ¢, respectively. ¢; and ¢&(t) repre-
sent the memory cell and the updated memory cell at time ¢, respectively.
To be specific, the forget gate f; decides the proportion of old information
to be forgot in the new memory cell ¢; through Eq. (2.17). The input gate i,
and the updated memory cell é(¢) decide the proportion of new information
to be added in the memory cell ¢; through Egs. (2.18) and (2.19), respec-
tively. The output gate o; controls the proportion of new information to be
exported through Eq. (2.20). Based on those, memory cell ¢; is calculated
by Eq. (2.21). Finally, the output y; can be expressed as Eq. (2.22). In
Egs. (2.17) to (2.22), o represents the sigmoid function. w and b are the
weight and bias, respectively.

i =o(wpzy +uphi—1 + by) (2.17)
i = o(wizy + uihy—1 + b;) (2.18)
¢ = tanh(wexy + uchi—1 + be) (2.19)
ot = o(wexs + uoht—1 + by) (2.20)
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Ct = ftct—l + itét (221)
Yyt = oy tanh(ct) (2.22)

2.2.2.4 ANFIS

Adaptive-network-based fuzzy inference system (ANFIS) is a hybrid model
that is a combination of a fuzzy inference system (FIS) and an ANN. FIS is
a process mapping inputs to an output based on the membership functions
(MFs) and IF-THEN rules. MFs characterize fuzziness, which provides a
measure of the similarity of the element to a fuzzy set. For example, if X is
a universe of discourse (such as Hy) and x is an element of X, then a fuzzy
set O (such as 'High’) on X can be described as Eq. (2.23). In addition,
IF-THEN rules represent the conditional statements containing fuzzy logic
and the expression form is ’If x is A, then y is B’. An example is shown in
Eq. (2.24).

O={(z,po(x)) , z€X} (2.23)

where po(x) is the membership function that is associated with x in fuzzy
set O and expresses the degree to which a value of H, belongs to set "high’.
The most common types of MFs are triangular, Gaussian and sigmoid.

IF  ais SWY, 4y is 2,

(2.24)
THEN y:pr$1—|—qrm2+...

where x; and y are the inputs and output, respectively. S,E") is a linguistic

value (such as ’low’ or "high’ for Hj), which is represented by a fuzzy set.
pr and ¢, are parameters that control the rule.

A basic structure of a FIS is illustrated in Figure 2.5, which is generally
composed of four components:

Crisp Fuzz Fuzzy Inference | Fuzz
“mputs > Fuzzifier Yy e “r

o Crisp
inputs Engine outputs | Defuzzifier output

Figure 2.5: Structure of FIS

e Fuzzy knowledge base, that contains the MFs and IF-THEN rules;
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o Fuzzifier, that fuzzifies the crisp inputs into fuzzy inputs by using the
MFs;

 Inference engines, that maps fuzzy inputs to fuzzy outputs according
to the IF-THEN rules;

o Defuzzifier, that defuzzifies the fuzzy outputs into a crisp output.

In the FIS, parameters in both MFs and IF-THEN rules can only be
determined based on the experience of experts or past available data of the
system. Since they cannot be adjusted automatically and may cause poor
forecast performance, a new strategy called ANFIS was proposed by Jang
[183] that uses ANN together with FIS. In the ANFIS, ANN is introduced to
optimize the parameters of IF-THEN rules and MF's using a hybrid learning
algorithm of the gradient descent and the least-squares estimate. Thus,
ANFIS can make use of the advantages of both FIS and ANN. In practice,
the structure of ANFIS is similar to that of a multi-layer neural network.
ANFIS has an input layer, an output layer and three hidden layers that
are related to MFs and IF-THEN rules. To illustrate it, the structure of
a simple ANFIS that consists of two inputs, namely, x1 and x2, and one
output, namely, y, is presented in Figure 2.6.

In the ANFIS architecture, the first layer is the input layer, which con-
tains crisp inputs x; and xe. The second layer is the fuzzifying layer, in
which the inputs x; are fuzzified into the membership values j4;(x;) based
on the MFs of linguistic labels A;, as expressed in Eq. (2.25). This layer
is considered as an adaptive layer since the outputs depend on the param-
eters in the MFs. For example, the MF's, which are denoted as p4;, can be
selected as Gaussian-type functions and their parameters should be deter-
mined.

Oij = paj(x;) , for i,j=12 (2.25)

If the number of crisp inputs exceeds one, the weight of each rule must be
determined by using fuzzy operators. To estimate the weights, the third
layer is further divided into two layers, which are called the implication
and normalizing layers. In these two layers, the firing strength w; ; and the
normalized firing strength w; ; for each rule are calculated by Eqs. (2.26)
and (2.27), respectively.

wij = [[was(@) . for i,j=1,2 (2.26)
[

for i,j=1,2 (2.27)
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Figure 2.6: ANFIS architecture

Then, the outcome Tj ; of each rule can be calculated in the defuzzifying
layer using the corresponding IF-THEN rule with specific weights as ex-
pressed in Eq. (2.28). Likewise, this layer is also an adaptive layer because
parameters p, ¢ and 7 in the IF-THEN rules should be determined based
on the training data.

Tij = Wiy - Yij = Wij - (Pre1 + ¢p2 + 1k), (2.28)
for i,57=1,2, k=12, .- )ix] '

By summing all outcomes 7; ;, the overall output y can be finally estimated
based on Eq. (2.29).

y=> T (2.29)

In this process, an adaptive neural network is applied to determine the
parameters in the two adaptive layers, which is represented by the red cycle
in Figure 2.6. By performing this procedure based on the training data, the
corresponding optimal ANFIS can be identified.
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2.2.3 Multi-step-ahead forecast strategies

For weather forecasting, a key issue is the forecast horizon. Given that
execution of one or a series of continuous marine operations usually takes
a few hours to a few days, forecasting a sequence of weather conditions
in the future (i.e., multi-step-ahead forecasting) is required. Four strategies
used in the thesis for multi-step-ahead forecasting are introduced, which are
named M-1, M-N, M-mN and M-1 slope models. The difference between
these models is the way to select input-output pairs. It’s difficult to con-
clude which model is the best, since all models have their advantages and
disadvantages. To maintain the consistency of the variables, t is assumed
as the current time and X(¢) denotes data at time ¢t. Besides, N and M
denote the number of forecast steps (i.e., the forecast horizon) and input
data, respectively.

2.2.3.1 M-1 model

The M-1 model is defined as applying the previous M data of a time series
to forecast the next data based on a one-step-ahead forecasting model, as
shown in Eq. (2.30), in which f; denotes the M-1 model.

Xt+1)=fAX@),X{t-1),--- , X(t—M+1)) (2.30)

To obtain N-step-ahead forecasts, the above model needs to be executed
N times recursively. In this procedure, the forecasted value of the previous
step is used as one input for the next step forecasting. The mechanism is
illustrated in Figure 2.7. Considering H, as an example, after establishing
the M-1 model, one-step-ahead forecast H s(t + 1) is obtained by:

Hy(t+1) = fi(H(t), Hy(t = 1), Hy(t — M +1)) (2.31)

Then, H, (t+1) is considered as a part of input data for forecasting the
next-step value H(t 4 2) based on the same forecasting model fi:

Hy(t+2) = fi(Hy(t +1), Ho(t), H(t — 1),---  Hy(t — M +2))  (2.32)

The same procedure is repeated N times and correspondingly, H. (t +1)
to H s(t + N) are forecasted iteratively. The main advantage of the M-1
model is that it is relatively easy since only one training process is required
for establishing the forecasting model and this model does not change be-
tween steps. Therefore, the computational efficiency is high. However, the
iteration process may lead to accumulated errors since the forecasted data
is also involved in the next step forecasting. Especially when N exceeds M,
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the input set does not contain any actual data after M-step-ahead forecast-
ing, but only forecasted values. In such cases, the forecasts may suffer from
low performance.

model
T nputdata from -Mtltot y [ Actual data
Step 1 | tM+1 | t-M+2 | | t-1 | t |t | |:| Forecasted data
e e e e e e e e e e e e e e e e model N i Input
{' Input data from t-M+2 to t+1 Yoy T
Step2 | tM+2 [ tM+#3 | B
------------------------------------------------------ model
/ Input data from t+N-M to t+N-1 )
StepN | HN-M | HN-M1 | [ N1 | 6N ]

Figure 2.7: Structure of the M-1 model

2.2.3.2 M-N model

In the M-N model, it is necessary to develop specific forecasting models for
each forecast step within the forecast horizon. The model is expressed as:

X(t+N)= fn(X@), X(t 1), X(t— M+ 1)) (2.33)

where fy denotes the forecasting model at forecast step V.

Figure 2.8 shows the mechanism of the M-N model. It is seen that the
input set always consists of the last M data up to the current time ¢ in the
time series that are known. Therefore, in contrast to the M-1 model, the M-
N model does not use any forecasted value as input and thus, prevents error
accumulation. However, this model is time-consuming since N models need
to be developed in order to generate N-step-ahead forecasts. In addition,
the correlation between inputs and output gradually weakens as IV increases,
thereby increasing the difficulty of learning their relationship.

model 1

f Input data from t-M+1 to t ) l L
ML [ M2 ] [l e[ o] .. JoN|

e o=~ model N

Figure 2.8: Structure of the M-N model
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2.2.3.3 M-mN model

The previous two models can produce one output each time. By contrast,
the M-mN model is a multiple-output model. The forecasting model is
expressed as Eq. (2.34) and its architecture is sketched in Figure 2.9.

(X(t+1),X(t+2),--- , X(t+N)] = frun(X (), X(t—-1),--- , X(t—M+1))
(2.34)
where f,,n denotes the M-mN model.

By means of the M-mN model, the previous M data are used to forecast
the next N values simultaneously. This implies that compared with the
M-1 model, this model can avoid the accumulation of errors. In fact, the
implicit principle between M-N and M-mN models is the same. For some
machine learning algorithms that can only be designed for one output (such
as ANFIS), only the M-N model can be utilized. While for other algorithms
such as ANN and RNN, multi-step-ahead forecasts can be generated by the
M-mN model, which significantly reduces the computational time.

Input data from t-M+1 to t [’ Output data from t+1 to t+N
M+l | M2 | [t1Je]em]e2] .. [oN

....................................................................................

Figure 2.9: Structure of the M-N model

2.2.3.4 M-1 slope model

The M-1 slope model is a relatively complex model by adding a step of man-
ually selecting the input data set. It is similar to the M-1 model, which is
also based on a recursive process to make multi-step-ahead forecasts. How-
ever, there are several differences between these two models in the selection
of training data. In the M-1 model, when forecasting X (¢ + 1), all pairs of
inputs and output during the training period are selected as training data
to establish the forecasting model. Afterwards, forecast is made based on
the trained model and current inputs [X(t — M + 1),--- , X(¢)]. By com-
parison, in the M-1 slope model, only data during the training period that
have similar properties to the current inputs can be selected, and pairs of
these selected data together with corresponding output are assembled into
the training dataset. The selection criteria is that historical data need to
have a similar (not exceeding a certain allowable error) value and slope to
the current input, which is simplified illustrated in Figure 2.10. As dis-
played, only limited data (red points), that have similar value and slope
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as the current input (black point), are selected to develop the forecasting
model.
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Figure 2.10: Input selection criteria of the M-1 slope model

After establishing the forecasting model based on the selected training
dataset, it is used to perform one-step-ahead forecasting. The forecasted
data X (t + 1) is utilized as part of the input to forecast data at next time
step and the training dataset needs to be re-selected. The selection process
is the same. Subsequently, the forecasting model based on the new training
dataset is applied to generate the two-step-ahead forecast. When there is
not enough training data available, the process stops. Otherwise, the process
is iterated until the N-step-ahead forecast, namely, X (t + N) is obtained.
For detailed description of the M-1 slope model, refer to Wu et al. [142].

The advantage of this model is that it only extracts historical weather
conditions that have similar characteristics of the value at the current time
to establish the forecasting model, which may remove many irrelevant sea
conditions and improve the forecast efficiency. In addition, compared with
the M-1 model, the M-1 slope model may accumulate less error since the
model will be updated at each step ahead. However, it is more complicated
by involving a judgement process and new models are required to be trained
for different steps ahead forecasting. Besides, another disadvantage is that
there may not be sufficient training data especially for harsh weather, which
will interrupt the training process.

2.3 Forecasting methods

After introducing machine learning techniques, two types of machine learning-
based forecasting methods are developed and established. The first one is
the TSML method, which is consistent with ideas in Secs. 2.1.4.1 and
2.1.4.2. The second one is the PBML method, which is briefly mentioned
in Sec. 2.1.4.3. The following subsections will introduce the details of these
two methods respectively.



2.3. Forecasting methods 49

2.3.1 Time series-based machine learning (TSML) method

This section focuses on the TSML method for wind and wave forecasting.
The forecast variables are significant wave height H,, peak wave period T},
and mean wind speed U,,. Since the core principle of the TSML method is to
capture the correlation in time series of wave and wind variables, there is not
much difference in forecasting models between different forecast variables.

For multi-step-ahead forecasting, a certain multi-step-ahead strategy
should be involved in the method. Data pre-processing may also be con-
sidered to better capture data properties and reduce forecast complexity.
The flowchart of the TSML method for multi-step-ahead forecasting is il-
lustrated in Figure 2.11. The procedure for developing TSML models is
summarized in the following steps:

* Data preparation

To develop data-driven models, long-term time series need to be pre-
pared. Either hindcast data produced by physics-based numerical
methods or measurements extracted from wave buoys, ships, plat-
forms or satellites can be used. The obtained dataset is divided into
two parts. Most of the data is classified as the training dataset (includ-
ing a small part of data to validate model), and the rest is classified
as the testing dataset.

Afterwards, it is necessary to determine input and output variables
in the training and testing dataset. To forecast mean wind speed U,,
only past wind information is utilized, which means that inputs are
current and/or past U, and wind direction D,,. One example is shown
in Eq. (2.35). For wave forecasting, the forecast information of Hy
and T}, are desired to be provided. The corresponding input variables
can be solely past wave data (e.g., Eq. (2.36)) or both wave and
wind data (e.g., Eq. (2.37)). Normally, a sensitivity study of differ-
ent input-output combinations is required to determine the optimal
combination.

Uw(t + 1) = fu(Uw(t)vDu(t)a Uw(t - 1)7Du(t - 1)) (2'35)

Hy(t+1) = fu(Hs(t), Ho(t — 1)) (2.36)

Tp(t+1) = fi(Hs(t),Uy(t), Tp(t), Hs(t — 1)) (2.37)
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¢ Model establishment

After preparing training and testing dataset, the TSML model needs
to be determined. The model illustrated in Figure 2.11 includes the
decomposition technique for data pre-processing that is displayed by
green shading. The decomposition technique is utilized to transfer
the initial training data to the stationary one by extracting seasonal
patterns. In practice, the seasonal patterns of future data cannot be
determined in advance, and thus the testing data is converted to the
corresponding stationary data using the seasonal patterns obtained
from the training data. By doing this, the stationary training and
testing data can be prepared, which are applied to establish and assess
the forecasting model, respectively. It should be emphasized that
Figure 2.11 only illustrates an example of the TSML model used in the
thesis. Alternatively, the TSML model can also be established without
data pre-processing or with other data pre-processing techniques such
as EMD.

Subsequently, a certain multi-step-ahead strategy is selected to deter-
mine the input-output pair for each forecast step. Four multi-step-
ahead strategies, i.e., M-1, M-N, M-mN and M-1 slope models can be
selected, and the difference among them can be seen in the red frame
of Figure 2.11.

One data-driven model is then applied to train the input-output re-
lationship. Depending on the characteristics of the forecast variable,
different algorithms can be considered, such as ANN, RNN, ANFIS
and so on. Based on the training data, the forecasting model can be
learned automatically. One should note that it is necessary to con-
duct sensitivity studies on model’s parameters (e.g., the M value, the
number of hidden layers, the number of neurons in each hidden layer,
etc.), in order to determine the optimal model structure for the data.

* Forecast generation

When the forecasting model is trained successfully, the forecast can
be made using the testing data. This can be done by employing the
trained model with new inputs in the testing dataset to generate out-
puts. These outputs are ensembled as forecasted time series. For the
forecasting method including the decomposition technique, the fore-
casted data should be further converted to the one corresponds to the
initial testing data with the seasonal patterns. Finally, the forecasts
are compared with the corresponding true values in the testing dataset



52 52

to evaluate the forecast performance. This will be introduced in Sec.
2.4.

Generally, TSML forecasting methods are highly flexible in adapting to
data. However, it should be pointed out that the establishment of TSML
models lacks a clear physical meaning, and therefore interpretability is iden-
tified as a potential weakness. In this case, another kind of machine learning-
based method, that is the PBML method is further proposed and developed
in the thesis.

2.3.2 Physics-based machine learning (PBML) method

The purpose of this section is to introduce the PBML method for forecasting
wave conditions. As mentioned in Sec. 2.1.4.3, the PBML method selects
input and output variables accounting for physical meaning rather than
purely based on time series analysis. In the thesis, the main consideration
is the physical process of wind generating waves. That is, the wind field
data are the most important input, and their contribution to the wave field
is established through machine learning, so as to achieve the purpose of
forecasting wave data. To train the model, measurements or numerical
data can be used. For measurements, the physical meaning is implicit in
the measured wind and wave data, and machine learning is used to exploit
their relationship. Numerical data are generated through physical modelling
using explicit equations to describe the physical processes, and machine
learning can replace this modelling procedure through pure data processing.
In the study, numerical data are applied and the background of the physics-
based numerical forecasting system is first presented in Sec. 2.3.2.1. After
that, the PBML model is described. It should be mentioned that only
the model establishment part is introduced since other parts (i.e., data
preparation and forecast generation) are similar to those presented in Sec.
2.3.1.

2.3.2.1 Background

At present, forecasting of wave and wind conditions is mainly based on
the physics-based numerical forecasting system, containing physics-based
atmospheric and wave models. The schematic is shown in Figure 2.12,
which illustrates the primary inputs and outputs of the atmosphere-wave
forecasting system. In brief, the atmospheric model belongs to the initial
value problem, in which initial observations are the critical input. For the
wave model, it could be classified as a forced damping problem, where the
main forcing comes from the surface winds.
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Figure 2.12: The sketch of the atmosphere-wave forecasting system

The idea of the atmosphere-wave forecasting system is simplified de-
scribed as follow:

o Apply explicit physical equations and empirical parameterizations to
represent evolutions of the atmosphere and waves

« Import the initial state and/or forcing in the models

 Use different numerical techniques to solve the models in discrete space
and time to estimate the future state of weather conditions

The physics-based numerical forecasting system is complicated. In prac-
tice, it is generally developed and operated by large organizations and insti-
tutions. Correspondingly, professional teams with highly-skilled scientists
are required to simulate and study each components of the models. For
instance, for wind forecasting, the High Resolution Limited Area Model
(HIRLAM) [184] is a NWP forecast system developed by several European
meteorological institutes like Norwegian Meteorological Institute (MET-
Norway), Danish Meteorological Institute (DMI) and so on. Similar NWP
models have also been developed at other centers [185-187]. For wave fore-
casting, different forecast products [188-191] are provided by various insti-
tutes, such as the European Centre for Medium-Range Weather Forecasts
(ECMWF), MET-Norway, National Center for Environmental Prediction
(NCEP) and so on.

Besides, although both physics-based atmospheric and wave models ex-
plicitly simulate physical phenomena, they demand to solve a set of math-
ematical equations describing complex atmospheric and wave conditions
based on numerical techniques. Inevitably, these models would have some
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challenges, such as the difficulty of solving equations, the need for a se-
ries of assumptions and parameterizations, long computational time, large
archive resources and so on. These challenges provide a potential for the
application of the machine learning algorithms, which can be utilized to
avoid these shortcomings and simplify the complicated modeling process.
However, most of data-driven models for wave forecasting are pure time
series-based. Lack of a clear physical background and difficulty in interpre-
tation challenge their reliability. Therefore, a PBML forecasting method is
proposed, which attempts to combine the advantages of both physics-based
wave models and machine learning algorithms.

2.3.2.2 Model establishment

Unlike the TSML model, the PBML model determines its structure with
reference to the physical processes that occur in the wave field. In the model,
physical knowledge from the physics-based numerical model is utilized as a
guide for designing inputs and outputs, and machine learning algorithm is
adopted to learn their relationship automatically. The physics-based wave
model reveals that the wind field is the main energy source of the wave field.
Thus, wind properties such as the mean speed and direction are introduced
as the input variables in the PBML model to forecast wave conditions.
In addition, initial wave boundary conditions are added in the model as
well. The wave-wave interaction and wave dissipation effects are implicit
in the learned relationship. The idea of the PBML method is illustrated in
Figure 2.13 and introduced as follows.

[ Typical physics-based numerical model \
1 1
! OUTPUT: 1

INPUT: i i
! @ Initial R Solving th(f. action (0 Wave spectrum !
| nitial wave » balance equation in time |
! boundary conditions and space by applying @ Wave stz?tistics: significant H
! | @ Future wind forcing numerical techniques wave height, peak wave H
\ period, mean wave period, etc. | ;

N

oo R i Ry

Pr .0v1.de selectl'on Apply machine learning

principles for input and algorithm instead of

output variables solving complex equations
," Physics-based machine learning model \\I
! 1
1 | INPUT: The input-output OUTPUT: !
! (D Initial wave relationship is learnt Significant wave height, peak i
| boundary conditions > through machine wave period, mean wave period, |
1 . . 1
| (@ Future wind forcing learning algorithms ete. 1

7

Figure 2.13: Idea of the PBML method



2.3. Forecasting methods 55

1) Input and output variables

A typical forecast domain is shown as the blue part in Figure 2.14.
To make N-step-ahead forecasting of wave conditions , Hs and 7T}, at time
(t + N) at all grid points are the outputs. H, and 7}, at the initial time
t at the highlighted grid points (by the red lines) characterize the initial
wave boundary conditions in the PBML model. U, and D, at all grid
points covering the past, the current and the whole forecast time horizon are
the wind forcing inputs. These can be obtained from the wind forecasting
models such as NWP models.

I:l Land
I:l Water

Boundary line
Grid point

Longitude

Figure 2.14: Illustration of the forecast domain

2) Calculation algorithm

Differently from the action balance equation employed in the physics-
based wave model, the PBML model provides an alternative method, di-
rectly establishing the input-output relationship through machine learning
algorithms. In this process, the computational cost can be significantly de-
creased due to no need to solve partial differential equations by an iteration
process. Several machine learning algorithms are available, such as ANN,
ANFIS and RNN.

3) Creating the forecasting model

After deciding the input and output variables and the calculation al-
gorithm, the forecasting model can be established. To illustrate this, a
N-step-ahead forecasting model of Hy is taken as an example in Eq. (2.38),
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and its architecture is shown in Figure 2.15.

[Ha(t+N),Hgo(t + N),- -+, Hep(t + N)]

= [an(Ha(t), Tpi(t), - sm(t) pm (), Uwi(t + N), Dy1(t + N), -
Uwpn(t + N), m(t+ )Uw (t+N TU 4+ 1), Dy (t + N — TU+ 1),
JUpn(t + N —TU 4 1), Dyn(t + N = TU + 1))

(2.38)
where t is the current time and N is the forecast step. m and m are the
number of grid points in the forecast domain and along the boundary lines,
respectively. TU is the time range of wind speeds and directions used as
wind forcing.

Hidden layer(s) Output

Initial wave Hs(t) boundary

condition
—  Tp® boundary

Uw(t+N) domain

Du(t+N) domain

Q Hs(t+N) domain

Wind Uw(t+N-1) domain
forcing
Du(t+N-

n domain

UW(EN-TU+1) gomain

— Du(t+N-TU+1) 3omain

€8-999599)

——

Figure 2.15: Illustration of the PBML model architecture

As displayed in Eq. (2.38) and Figure 2.15, outputs of the model are
N-step-ahead H, in the forecast domain. The inputs include the initial
wave boundary conditions (Hs and T}) at time ¢ and the wind forcing (U,
and D,) in the forecast domain from (¢t + N —TU + 1) to (t + N). The
value of TU denotes how many previous steps of wind conditions up to
the forecast step will be used. It should be determined based on sensitivity
studies. fjy represents the forecast system at N-step-ahead, which depends
on the selected machine learning algorithm. In the thesis, ANN is used. In
addition, for the requirement of on-site marine operations, only a small
forecast domain is considered, and the corresponding forecast performance
of the PBML model will be summarized and discussed in the next chapter.
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Figure 2.16: Illustration of forecasted time series generation

2.4 Forecast performance evaluation

2.4.1 Forecasted time series

After the forecasting model is trained successfully, it is utilized to generate
forecasted time series. The procedure is illustrated in Figure 2.16, which
takes 24-step-ahead forecasting as an example. For each case during the
testing period, the trained model is used to forecast next 24 data with
appropriate inputs (depending on the selected input variables and multi-
step-ahead forecast strategy). After one case ends, the next case will start
immediately with new inputs. As a result, each case contains forecasts from
1- to 24-step-ahead, and different cases constitute a continuous forecasted
time series. By comparing the forecasted time series with the actual one
from the testing dataset, the forecast performance of the model at each
forecast step can be evaluated. The performance is generally assessed in
terms of different error metrics. In the thesis, two kinds of metrics are
considered. One is conventional error measures, such as bias and correlation
coefficient. The other one is statistics of forecast errors, from which an
uncertainty model can be established. These will be presented separately
below.
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2.4.2 Error measures

Error measures are commonly used in various meteorological centers to eval-
uate the quality of forecast products. In this thesis, six typical error mea-
sures, namely MAE (mean absolute error), RMSE (root mean square error),
bias, R? (correlation coefficient), SI (scatter index), MAPE (mean absolute
percentage error) are utilized, which are expressed as Egs. (2.39) to (2.44).

MAE = ii“ci — aj (2.39)
=1
RMSE = % i (fi — ai)? (2.40)
=1
bias — %Z (f: — ax) (2.41)
=1
> (i = Plai — a)
R?= L= ‘ (2.42)
\/Z(fz_f)z (az_a)Q
i=1 i=1
n ~ |
> [(fi = ) = (a; —a)]?
S1= | = _ (2.43)
2 ai?
=1
1 = a; — fl
MAPE = — > ——=| x 100 (2.44)
i=1 v

where n is the number of forecasts. a; and f; are i*" actual and forecasted
data, respectively. a and f are the mean values of the actual and forecasted
data, respectively.

2.4.3 Forecast errors

Most of above error measures are non-negative and the direction of the
errors is not considered. For marine operations, the direction of forecast
errors in various sea states are of great importance. Ignoring the directions
of the error would increase the risk of decision-making during the execution
phase. Thus, statistical information of forecast errors are applied as well to



2.5. Application, assumption and limitation 59

investigate models’ forecast performance. The thesis considers three differ-
ent forecast errors, that are called the forecast error A, the forecast error
factor epr and the forecast error ratio e, expressed as Eqgs. (2.45) to (2.47)
respectively. They correspond to the error of the i*" forecasted data. When
all errors during the testing period are calculated, an uncertainty model
can be derived on the basis of their statistics. This model uses the mean
value and standard deviation of A, e); or € to quantify the uncertainties
in weather forecasts at each time step. In addition to the error measures
in Sec. 2.4.2, this uncertainty model is necessary for studying the effect of
weather forecast performance on marine operations.

_Ji—a
EM; = o (2.46)
a;
€ = — 2.47
7 247

2.5 Application, assumption and limitation

The sources of data for establishing and using forecasting models are sum-
marized in Table 1. To train a machine-learning based weather forecasting
model, it is necessary to prepare long-term historical data. Both measure-
ments and numerical data of wind and wave conditions can be selected. In
the thesis, only hindcast numerical data are used, with an aim to establish
forecasting models and investigate their forecast accuracy.

Table 2.1: Data sources for model establishment and application

Model Establishment Application
TSML Read-time measurements or numerical data
PBML Long-term measurements

or numerical data Real-time measurements or numerical data

and wind forecast

In the process of applying machine learning-based methods to make weather
forecast, the availability of inputs including both wind and wave data is
essential since real-time data are required. In reality, the input information
may not easy to obtain. However, this issue is not addressed in the thesis.
The assumptions and limitations of the forecasting models are described as
follows:
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o Assume that all inputs are known. For the TSML models, it means

that both wind and wave data up to the current time can be obtained,
such as by on-site measurements of a buoy or numerical data generated
through physics-based numerical models. For the PBML models, in
addition to wave and wind data up to the current time, it is also
assumed that the wind data in the future (i.e., the wind forecasts)
have been provided by other type of forecasting techniques, such as
from NWP models.

Assume that all inputs in the machine learning-based forecasting mod-
els are correct. That is, when the numerical data is utilized, it is as-
sumed to be consistent with the measurement data and uncertainties
in the model input are not considered.

One limitation of the PBML method is that the model needs wind
forecasts to drive it. When the forecasted wind conditions can be
obtained from atmospheric forecasting models, the PBML model is
able to act as a surrogate for the physics-based wave model and pro-
vide an efficient way for generating wave forecasts. However, how to
quickly get the future wind information to use the PBML method is
also an issue worthy of further consideration and discussion in real
applications.



Chapter 3

Weather forecast results and
uncertainty quantification

Machine learning-based forecasting methods have been introduced in Ch.
2. Based on these methods, this chapter summarizes corresponding weather
forecast results. In order to train and test forecasting models, knowledge of
the utilized metocean data at the target offshore site is first introduced in
Sec. 3.1. Meanwhile, initial data analysis is carried out and included. Secs.
3.2 and 3.3 present results of one-day-ahead wave and/or wind forecasts as
well as forecast uncertainties in TSML and PBML methods. Finally, a com-
parison of forecast performance between machine learning-based methods
with physics-based numerical methods is given.

3.1 Offshore site and metocean data

The North Sea is considered to have great potential for offshore wind energy
development [192]. In the thesis, the North Sea center is the main focus, as
highlighted in Figure 3.1. In this area, various marine operations have been
studied and analyzed, such as the installation of monopiles and transition
pieces [67], and single blade [51-54] of offshore wind turbines.

Given that data-driven models require long-term historical data and high
quality of hindcast data, ten-years (2001-2010) hindcast time series of wind
and wave variables are utilized to train and test TSML and PBML models.
Data sources from two different institutions are considered:

1) Dataset 1: Hourly hindcast time series of U,, Hs, T, and D, at a
single location from the National and Kapodistrian University of Athens
(NKUA) [193].

2) Dataset 2: Three-hourly hindcast time series of Uy, Hy, T), and D, in

61
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a small area with a spatial resolution of 0.125° from ECMWF CERA-20C
datasets [194].
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Figure 3.1: North Sea area and the selected offshore site

For TSML models, metocean data at one location is enough for pro-
viding input information, and Dataset 1 is mainly used to develop them.
By contrast, PBML models are able to forecast spatial wave conditions and
thus, spatial data of wind and waves are required. The Dataset 2 is utilized
to develop the PBML models, that provides metocean data in a small area.

Each dataset is divided into two parts. The data of the first nine years
(from 2001 to 2009) is considered as the training data for establishing the
model, in which 10% of the data is selected as the validation data. The
data of the last year (2010) is the testing data for evaluating the forecast
performance of the model. All machine learning-based forecasting models
are developed in MATLAB using the toolboxes or in Python using Ten-
sorFlow. Regarding the typical duration of marine operations, the aim is
to perform one-day-ahead wave forecasting, that is, twenty-four-step-ahead
forecasting and eight-step-ahead forecasting correspond to the Dataset 1
and 2, respectively.

For the long-term datasets, the data analysis is carried out first to pro-
vide an overall view of the environmental conditions at the specific site.
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This is an important step in designing a weather forecasting model. The
relevant analysis is shown in Appendix A. In summary, with reference to the
correlation of time series, environmental conditions have a certain degree of
predictability. However, it is not easy to make forecast for a long horizon
since the correlation between data would decrease significantly as the time
interval increases.

3.2 TSML method

3.2.1 Decomposition-ANFIS method

A hybrid decomposition-ANFIS model is developed to illustrate the forecast
performance of the TSML method. According to the procedure described in
Sec. 2.3.1, the training and testing data are pre-processed by the decompo-
sition technique first. Then, the model combining ANFIS and a multi-step-
ahead strategy (if multi-step-ahead forecasting is expected) is built based
on the training data. The forecast performance of the forecasting model is
evaluated on the testing data at each forecast lead time.

3.2.1.1 One-step-ahead forecasting

For one-step-ahead forecasting, simple forecasting models are developed for
Uw, Hs and T),, which are expressed in Egs. (3.1) to (3.3), respectively.
The basic idea is to use data at the current time as input to forecast the
next-step data. This is sufficient for one-step-ahead forecasting, since there
is a strong correlation between one metocean data to the next, as analyzed
in Appendix A.

Up(t +1) = f1(Un(t)) (3.1)
Hs(t + 1) = fZ(Uw(t)vHs(t)) (3'2)
Tp(t+1) = f3(Hs(t), Un(t), Tp(t)) (3.3)

Their structures are summarized in Table 3.1. In each model, all in-
put variables are partitioned into two fuzzy sets ("Low’ and 'High’), and
Gaussian-type MF's are selected for inputs and linear-type for the output.
As a result, the total numbers of IF-THEN rules in the U,, Hy and T,
forecasting models are 2, 4 and 8, respectively. The optimal parameters in
MFs and IF-THEN rules are determined in the training phase.
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Table 3.1: Structures of the one-step-ahead ANFIS models

Forecast Input Membership functions (MFs) IF-THEN rules Output

variable  variable Type Number Fuzzy sets Number MF type

Up(t+1) Uy(t) Gaussian 2 ‘low’, ‘high’ 2 Linear
Uy(t)  Gaussian 2 ‘low’, ‘high’ Linear

Hy(t+1) Hy(t) Gaussian 2 ‘low’, ‘high’ 4 Linear
Uy(t)  Gaussian 2 ‘low’, ‘high’ Linear

Tt +1) Hy(t) Gaussian 2 ‘low’, ‘high’ 8 Linear
T,(t)  Gaussian 2 ‘low’, ‘high’ Linear

T T T T T T T
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Figure 3.2: One-step-ahead forecasting results
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Figure 8.3: Q-Q plots for one-step-ahead weather forecasts

After establishing the optimal ANFIS, the testing process is performed.
The forecasted U,,, Hs; and T}, and the corresponding actual data are plotted
in Figure 3.2 (a), (b) and (c), respectively. In each subfigure, the blue line
contains forecasted data and the red line contains corresponding actual data.
Meanwhile, Quantile-Quantile (Q-Q) plots for relevant results are plotted
in Figure 3.3. As displayed in Figure 3.2, the forecasted data are close to
the actual data for all three environmental variables throughout the entire
testing period. The Q-Q plots in Figure 3.3 further prove the reliability of
the forecasts. These results indicate that the adopted TSML method can
generate accurate one-step-ahead forecasts of weather conditions.

3.2.1.2 Multi-step-ahead forecasting

To generate multi-step-ahead forecasts, more complicated models with dif-
ferent multi-step-ahead strategies should be developed. Correspondingly,
the optimal structure of the forecasting model must be investigated, such
as which metocean variables are selected as input and how much past data
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(i.e., M values in Egs. (2.30 - 2.33)) are used separately. In practice, the
optimal structure is not easy to determine. Typically, if a large amount
of input data is utilized, more historical information can be available and
thus, forecasts are expected to be more accurate. However, the training
time of the forecasting model would increase dramatically with the number
of inputs, especially when optimization techniques are required during the
training phase. In the thesis, the model structure is determined by the sensi-
tivity study of various input variables and corresponding M values, starting
from M=1. The one corresponds to the minimum statistics of forecast error
factors is regarded as the optimal model. Detailed comparison procedure is
illustrated in Wu et al. [142]. Optimal decomposition-ANFIS models with
three multi-step-ahead strategies are summarized below:

M-1 model:
Up(t +1) = f(Uy(t), Uy(t — 3)) 3.4
Hy(t+1) = f(Hs(t), Hs(t — 1)) 3.5
Tp(t +1) = f(Tp(t), Tp(t — 1)) (3.6)
M-N model:

Un(t+ N) = f(Us(t), Du(t), Un(t — 3), U (t — 6), Un(t — 9))  (3.7)

Hs(t + N) = f(Hs(t)a Uw(t)’ Du(t)v Hs(t - 1)a Uw(t - 3)) (3'8)
Tp(t + N) = f(T,(t), Hs(t), Un(t)) (3.9)

M-1 slope model:
For the M-1 slope model, since it is essentially an iterative approach, U,,,
H, and T, forecasting models are the same as shown in Egs. (3.4) to (3.6).
In above equations, for the sake of simplicity, f represents the forecasting
model. However, it should be emphasized that it is different for each model.
In addition, input terms related to U, are all three-hour intervals, since
the time series of wind speed in Dataset 1 are actually three-hourly data.
When D, is considered as input, it is recommended to transform it to a
range between 0 and 1 [195] according to Eq. (3.10).

[ 1-(L), if 0°<o<180°
DW_{ 01807 jF 180° < 6 < 360° (3.10)

Overall, all selected models are relatively simple, without containing
a lot of input data. This is because sensitivity studies showed that the
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accuracy of the models is not very sensitive to the amount of past data
included. By contrast, the types of variables that are included in M-N
models have a strong impact on the accuracy for wind and wave forecast.
Thus, to improve calculation efficiency and decrease the forecast uncertainty
in multi-step-ahead forecasts, a small M value is selected and variables that
are related to the forecasted variable should be included if possible.

Forecasted time series of U,,, Hs and T}, during the testing period and
the corresponding actual series are plotted in Appendix B. To present the
characteristics of the forecasting models clearly, considering H, as an ex-
ample, several cases of forecast results (250 data) based on the M-1, M-1
slope and M-N models are extracted from Figure B.2 and shown in Figure
3.4. In each subfigure, the black line depicts actual time series and the fore-
casted time series is represented by the red line. The forecasted time series
is composed of multiple one-day-ahead forecast cases. Each one-day-ahead
forecast case is obtained by the trained model with appropriate inputs from
the testing dataset, and contains twenty-four forecasts, from one-step-ahead
to twenty-four-step-ahead. The green and blue points represent one- and
twenty-four step-ahead forecast values respectively, representing the begin-
ning and end of one forecast case. The next case starts when the previous
one ends. By observing Figure 3.4(b), it can be found that the M-1 slope
model cannot perform the 24-step forecast in all cases, especially near the
peaks of high sea states. However, compared to the results in Figure 3.4(a)
and (c), the M-1 slope model can capture the data variation better, although
the positions of peaks/troughs may not be captured exactly.

As displayed, the proposed models can predict the environmental condi-
tions to a certain extent. However, due to the randomness in the occurrence
of waves and wind, it is difficult to realize high accuracy in forecasting all
points, especially for high sea states. The uncertainty quantification analy-
sis is subsequently performed to evaluate and compare the accuracy of the
three multi-step-ahead strategies.

Figure 3.5 presents statistics of the forecast error factor €57 of Uy, Hy
and 7T, in terms of the forecast step N. Black, red and blue lines represent
results based on the M-1 model, the M-N model and the M-1 slope model,
respectively. To distinguish the statistics, the mean values are represented
by asterisk marks and the circles correspond to the standard deviations.
It is visible that the forecast error of the M-N model exhibits monotonic
behavior with respect to N. This is consistent with the phenomenon that
the correlation decreases with the increase of the lag number. Whereas, the
forecast errors of the other two models exhibit variations because forecasted
values are used to further make forecast. Overall, the forecast uncertainties
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Figure 3.4: Several cases of Hs forecast by the three models
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of the three models are low at the first forecast step, as reflected in the
near-zero mean values and standard deviations. With the increase of the
forecast horizon, the forecast uncertainty of all forecasting models signifi-
cantly increases. In summary, the proposed decomposition-ANFIS methods
can be applied for the short-term prediction of wave and wind conditions,
and have application potential in marine operations. However, due to the
error accumulation problem of the M-1 and M-1 slope models and the un-
correlated input-output sample in the M-N model, it is highly difficult to
generate accurate weather forecasts for longer forecast horizons.

3.2.2 Comparison of different TSML methods

This section presents a comparison of different TSML methods for multi-
step-ahead wave forecasting. One-day-ahead H; forecasting is taken as an
example to illustrate their forecast performance.

Table 3.2: The list of developed forecasting methods

Pre-processing technique Data-driven model
No. Method
-}R)Cs(i?ll})ln EMD ARIMA ANN RNN ANIFS M-1 M-N M-mN
1 D-ARIMA O O
2 D-ANN-M-1 O (6] (6]
3 D-ANN-M-N O (6] (6]
4 D-ANN-M-mN (6] (6] O
5 D-EMD-ANN-M-1 (6] O (6] (6]
6 D-EMD-ANN-M-N (6] O (6] (6]
7 RNN-mN (6] O
8 D-ANFIS-M-1 O (6]
9 D-ANFIS-M-N (6] O
10  D-EMD-ANFIS-M-1 (6] O O (6]
11 D-EMD-ANFIS-M-N (6] O O (6]

Table 3.2 summaries the developed 11 TSML methods, which contain
different combinations of pre-processing techniques, data-driven models and
multi-step-ahead strategies. Since the effectiveness of the decomposition
technique has been successfully verified in the time series forecasting of
weather conditions [141], all methods except 7 apply it as the data pre-
processing technique. In order to investigate the influence of pre-processing
techniques, EMD is applied to continue decompose the obtained data in
methods 5, 6, 10 and 11. In addition, both ANN and RNN -based methods
use M-mN model (i.e., methods 4 and 7), while ANFIS-based method does
not because ANFIS can only contain one output variable. The ARIMA
model, ANN-based model and ANFIS-based model are performed by using
Matlab, and RNN-based model is performed by using TensorFlow.
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The optimal structure and characteristic of each TSML model are stud-
ied in Wu et al. [196] separately and briefly summarized as follows:
ARIMA-based:

« ARIMA(p, ¢, 2) is applied and values of p and ¢ are determined by the
Bayesian Information Criterion (BIC) for specific training sets. The
model yielding the minimum BIC value is selected.

ANN-based:
e ANN models with one hidden layer is applied.
» Based on a sensitivity study, the M value is selected as 24.

» Based on the comparison result, an ANN-based method with double
pre-processing techniques (decomposition technique and EMD) is not
necessary. This may because after performing the double data pre-
processing, the obtained time series are very sensitive to noise and
may run into the problem of mode mixing. So methods 5 and 6 are
not included in the following comparison.

RNN-based:

o LSTM network is utilized, that consists of two LSTM layers and the
size of hidden neurons for each LSTM layer is 32.

e The M value is 24.

e Since LSTM is specially suitable to handle sequence dependence, only
M-mN strategy is considered.

ANFIS-based:

o Since ANFIS belongs to the single-output approach, only M-1 and
M-N models are considered. The structure is consistent with the ones
described in Sec. 3.2.1.2.

o ANFIS-based methods with double pre-processing techniques are also
constructed to study the impact of data pre-processing technique on
the ANFIS model.

A comparative analysis on the forecast performance among different
TSML methods is carried out. This is done by evaluating the forecast
uncertainty (characterized by statistics of the forecast error factor e;s) at
each forecast lead time. The results are plotted in Figure 3.6 and described
below. Noted that the ’D’ is omitted from the legend in the figure.
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Figure 3.6: Comparison of forecast uncertainty based on different TSML
methods

1) ANFIS-based methods with double pre-processing techniques, i.e.,
EMD-ANFIS M-1 and EMD-ANFIS M-N, results in the worst performance.
This indicates that the forecast performance is very sensitive to the nature
of the data and using double pre-processing techniques may not be helpful
for forecasting, at least for the study area and adopted data.

2) Beside these two methods, the RNN-mN model without any pre-
processing techniques (red line) has a higher forecast uncertainty than other
models with the decomposition technique. This implies that suitable pre-
processing techniques can assist in the time series forecasting.

3) In the remaining methods, the ARIMA model (black line) exhibits a
higher forecast uncertainty at longer forecast horizons, indicating that the
linear function employed in the ARIMA model have difficulty in capturing
the rapidly changing waves when the forecast horizon is relatively long.

4) There is not a clear evidence to show which of the remaining three
ANN-based methods and two ANFIS-based methods is the best one for
multi-step-ahead forecasting of Hs. From all methods, means and standard
deviations of £)7 in the first ten steps are less than 0.1 and 0.3, and around
0.2 and 0.5 at the 24" step, respectively.

Overall, Figure 3.6 demonstrates that the forecast uncertainty gener-
ally increases with the forecast horizon, no matter which TSML method is
adopted. This is a reasonable observation. In fact, the correlation in data is
quite low when the time interval exceeds 7 hours, which makes it difficult for
machine learning to find a general relationship between input and output.
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3.2.3 Summary

Regarding the TSML method, a hybrid decomposition-ANFIS method is de-
veloped in detail for forecasting both wave and wind conditions. In addition,
the performance of different TSML methods for one-day-ahead H forecast-
ing is investigated and compared. The statistics of forecast error factors are
utilized for quantifying their forecast uncertainty. Results demonstrate that
all TSML methods have better performance for forecasting significant wave
height from first several steps ahead due to the lower forecast uncertainty
level. As the number of forecast step further increases, their forecast ability
would decrease significantly. This is a common phenomenon and can not be
improved obviously by changing data-driven models or developing a more
complex hybrid method (including double data pre-processing techniques).
Under this circumstance, one may conclude that it is difficult to get accurate
weather forecasts for long horizon by the TSML method with purely time
series analysis. In order to improve the quality of weather forecasts, unlike
the TSML methods that only take historical time series in consideration, it
is necessary to develop a hybrid method combining both physical process
and data-driven model.

3.3 PBML method

One-day-ahead forecasting of wave conditions (Hs and 7},) by the PBML
method is performed. PBML models are developed based on the Dataset
2. With reference to typical physics-based wave models, wind forcing in
a selected area as well as initial boundary wave conditions are taken into
account as inputs to drive the PBML model and forecast wave conditions
in this area. Given that on-site marine operations are normally carried out
at a selected position, forecasting in a large domain is not necessary and
thus, the focus of the thesis is on a small area. As shown in Figure 3.7, the
forecast domain contains nine grid points numbered from 1 to 9.

13.7 km

41.1 km

o]
=)

Figure 8.7: Illustration of a small forecast domain
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3.3.1 Model architecture determination

Similar to the development of TSML models, the optimal structure of the
data-driven model (i.e., ANN in the thesis) employed in the PBML method
should be determined first. According to the sensitivity study (described
in detail in Wu et al. [197]), the ANN with three hidden layers, twenty
neurons in each layer and the tansig type activation function is adopted. In
addition, the time range of the input wind field also deserves consideration.
As shown in Eq. (2.38), when performing the N-step-ahead forecasting, the
wind forcing from (t+ N —TU + 1) to (¢t + N) are considered as input. To
investigate the impact of wind forcing at different time steps on H; forecasts,
the ANN is developed in terms of the optimal structure described above,
and the TU value is selected from one to eight. When TU is equal to 1, only
the wind field at the same time as the forecasted H is considered. With
the increase in TU, an increasing number of past wind fields are taken into
account. The results of the sensitivity study of the TU values are shown in
the Figure 3.8.
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Figure 3.8: Forecast errors of the PBML model with different durations of
wind forcing (point 5)

As displayed in Figure 3.8, in general, the forecast performance increases
with increasing TU values, indicating that the wind variation should be
taken into account in wave forecasting by the PBML model. However, the
level of improvement in model performance gradually decreases as the TU
increases from 2. Given that increasing the TU value will increase the



3.3. PBML method 75

number of inputs, which makes the model more complicated and requires
longer training time, TU=2 is chosen in the PBML model. That is, the
dynamic characteristics of the winds are provided in the model by applying
wind speeds and directions at two consecutive time steps.

In addition, it is interesting to see the importance of the future wind
forcing. Figure 3.9 shows the forecast performance of the model using wind
forcing up to (t+N-TU*) when forecasting wave conditions at (¢t + N),
where TU™ ranges from 0 to 7. From the sensitivity study, it is clear that
the forecast performance will gradually decrease as TU* increases. In order
to forecast the wave conditions at (¢ + N) accurately, the wind conditions
at (t + N) should be included.
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Figure 3.9: Forecast errors of the PBML model using wind forcing up to
(t+N-TU*) (point 5)

3.3.2 Forecast of total wave conditions
3.3.2.1 Significant wave height

Based on the above sensitivity analysis results, the forecasting model of H
can be set up as follows:

[Hsl(t+N),Hs2(t+N)a"' 7H39(t+N)]
= th(Hsl(t)7Tp1(t)7“ . 7H89(t)7Tp9(t)7Uw1(t+N)7Du1(t+N)?'“ ’
Uwo(t + N), Dug(t + N), Uy (t + N — 1), Dy (t + N — 1),
Uuwg(t+ N —1),Dy(t+N—-1)), N=1,---,8
(3.11)



76 76

where Hgi(t + N),Hso(t + N), -+, Hgo(t + N) are the outputs, which are
N-step-ahead forecasts of Hy for points 1 to 9. fnn is the ANN model at
the N-step-ahead. The inputs include the initial boundary wave conditions
(i.e., Hs(t) and T)(t) at points 1, 2, 3, 4, 6, 7, 8 and 9) and the wind forcing
at two consecutive time steps in the forecast domain (i.e., U, and D, for
all nine points at time t+ N and ¢+ N —1). As a result, it can be seen that
in this case, the model for each forecast step has a total of 52 inputs and 9
outputs.

The forecast results during the testing period at the grid point 5 (in
Figure 3.7) are plotted in Figure 3.10, in which the actual and forecasted
time series are represented by black and red lines, respectively. To reveal the
forecast performance more clearly, two short-time windows are also shown in
Figure 3.10, in which the meaning of points with different colors are similar
to those described in Figure 3.4. That is, each one-day-ahead forecast case
contains eight forecasted data from one-step-ahead (green points) to eight-
step-ahead (blue points), which are generated by the trained model with
appropriate inputs. To illustrate the forecast uncertainty, forecast error
metrics including conventional error measures and the forecast error factor
at each forecast lead time are summarized in Table 3.3.
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Figure 3.10: Forecast results of Hs at each lead time based on the PBML
model

Overall, a good agreement between the forecasted and actual data is
observed throughout the entire testing period, which reveals the reliability
of the PBML method for H; forecasting. In addition, there is no signifi-
cant difference in forecast performance between the two windows, indicating
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that the model is suitable for any time of year. In Table 3.3, it is observed
that the forecast accuracy decreases with the forecast lead time, reflected
in the decrease in R? and the increase in other error metrics. Neverthe-
less, all 8-step-ahead forecasts can be considered satisfactory because the
corresponding errors are quite small. For example, the RMSE and R? for
all steps are less than 0.3 m and higher than 96%, respectively. Further-
more, regarding the computational time, the PBML model can be quickly
trained and used to make forecasts extremely fast. The training process of
the PBML model on a common server typically takes few minutes.

Table 8.3: Forecast errors of Hy at each lead time based on the PBML model

Error Lead Time (hour)

Measures 3 6 9 12 15 18 21 24
My, 0.0050 -0.0039 0.0054 0.0176 0.0171 0.0158 0.0183  0.0239
stde,, 0.0676 0.0862 0.1008 0.1088 0.129  0.1576  0.1618  0.1741

MAE (m) 0.0617 0.096  0.114 0.1303 0.1525 0.1693 0.1827  0.1961

RMSE (m) 0.0927 0.1375 0.1573 0.1828 0.2213  0.238  0.2587  0.2727

bias (m)  0.0009 -0.0071 -0.0043 0.013 0.0085 0.0047 -0.0009 -0.0008
R? 0.9975 0.9903 0.9866 0.982 0.9742 09711 0.9646 0.9611

SI 0.0447 0.0665 0.0767 0.0887 0.1072 0.1155 0.1256  0.1318
MAPE (%) 4.1138 5.9599 7.2648 8.0594 9.4332 10.8368 11.5503 12.6979
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Figure 3.11: Error measures of Hy forecasts for all nine grid points

The above results only display the forecast at the grid point 5 in the
forecast domain. Figure 3.11 further summarizes the error measures at all
nine grid points in the forecast domain by different colors. Little difference
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in error measures is found among all nine grid points, which proves that the
PBML model is suitable and reliable in a small forecast domain.

In addition to a small forecast domain, the forecast performance for a
single point is investigated. This situation is very important to explore
whether the PBML method is applicable to the measurement data, since
measurements may only be available at limited positions. The forecasting
model for a single point is simplified to Eq. (3.12). In this case, the inputs
are the initial wave conditions and wind forcing at the position of interest
(point 5 in Figure 3.7 is selected as an example here), and the outputs are the
future wave conditions at the same position. That is, the model is simplified
to have six inputs and one output. The results of forecasted time series and
forecast errors are illustrated in Figures 3.12 and 3.13, respectively.

HS5(t —I-N) = fh5N(HS5(t),Tp5(t) Uw5(t+ N) u5(t+ N)
Uw5(t+N—1),Du5(t—|—N—1)) N=1,---.,8

—#— Actual data
5 |...| —=— Forecasted data

©  I-step-ahead forecast
®  8-step-ahead forecast

1
500 1000 N 1500 2000 2500

Time interval (3 hour)

Figure 3.12: Forecast results of Hs based on the PBML model with one-point
domain

Compared with the results shown in Figure 3.10, forecast accuracy for
this simple model is reduced to some extent due to significant reduction
of the input information. Nevertheless, this model still exhibits good fore-
cast performance. As displayed in Figure 3.13, the R? and RMSE of all
8-step-ahead forecasts are higher than 94% and lower than 0.33 m, respec-
tively. This indicates that the proposed PBML model can forecast Hy with
relatively high accuracy based on weather data of a single position.
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Figure 8.13: Forecast errors of Hy based on the PBML model with one-point
domain

3.3.2.2 Peak wave period

Forecast performance of the PBML method for 7T}, is investigated in this
section. The forecasting model of T}, is expressed in Eq. (3.13). The gen-
erated forecasted time series are shown in Figure 3.14, and the errors are
summarized with respect to the lead time in Table 3.4.

[Tp1(t+N), Tpa(t + N), -+ , Tpo(t + N)]
= ftN(Hsl(t)7 Tpl(t)7 e ,Hsg(t), Tpg(t), le(t + N), Dul(t + N), Ty
Uwo(t + N), Dyg(t + N),Up1(t + N — 1), Dy1(t + N — 1),
Uwo(t+ N —1),Dyo(t+ N —1)) , N=1,---,8
(3.13)
In general, from Figure 3.14, it is visible that the PBML model can
generate acceptable T, forecasts. The R? and RMSE at all lead times are
higher than 71% and lower than 1.30 s respectively, which are shown in Table
3.4. However, by comparing Tables 3.4 and 3.3, it can be found that the
forecast uncertainty level of T}, is much higher than that of Hy. Significant
fluctuation in 7, time series might be the key reason for this phenomenon.
Differently from Hj, T), is associated with the highest energetic waves in the
total wave spectrum, and it can be predominated by either wind-generated
sea or swell. This uncertainty increases the instability of the series of T},
and further challenges the development of the forecasting model. To further
explore the factors that affect T}, forecast performance, in Sec. 3.3.3, the
total sea are separated into wind-generated sea and swell, and PBML models
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are utilized to forecast these two components separately.
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Figure 3.14: Forecast results of T), based on the PBML model

Table 3.4: Forecast errors of T}, based on the PBML model

Error Lead Time (hour)

Measures 3 6 9 12 15 18 21 24
Mey, 0.0088 -0.0004 0.0231 0.0081 0.0335 0.0397 0.0321  0.0514
stde,, 0.1302 0.1347 0.1412 0.1769 0.1737 0.1868 0.1774  0.1891

MAE (s)  0.3617 0.5276 0.6151 0.7172  0.7771  0.8859  0.9136  0.9605
RMSE (s) 0.729 0.8633 0.9498 1.1201 1.1186  1.2355  1.2351 1.3026
bias (s) -0.0038 -0.1092 0.0463 -0.1207 0.0669  0.0575  0.0157  0.1195
R? 0.9196 0.8855 0.8585 0.8043 0.7941  0.753  0.7405 0.7125

SI 0.0964 0.1133 0.1259 0.1476  0.1496  0.1655 0.1648  0.1724
MAPE (%) 5.4973 7.6696 8.9811 10.3773 11.6007 13.3601 13.2666 14.1797

3.3.3 Forecast of separate wind-generated sea conditions and
swell conditions

To forecast significant wave height and mean wave period of wind-generated
sea and swell, the historical data are also extracted from CERA-20C with
the same forecast domain, resolution and duration as those of the total sea.
The extracted variables are significant wave heights and mean wave peri-
ods of wind-generated sea (i.e., Hg, and Ty,,,) and swell (i.e., Hgs and Tpyys).
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The corresponding forecast performances are discussed in the following sub-
sections, respectively.

3.3.3.1 Significant wave height

The PBML models of wind-generated sea and swell are similar to those of
total sea, except that the initial wave conditions. Given that all nine grid
points have similar forecast performance that is revealed in Sec. 3.3.2.1,
only forecast results of the point 5 (in Figure 3.7) are shown in Figures 3.15
and 3.16. Meanwhile, Tables 3.5 and 3.6 give the forecast errors of Hg,, and
H,, with respect to the lead time, respectively.
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Figure 3.15: Forecast results of Hgy, based on the PBML model

Table 3.5: Forecast errors of Hgy, based on the PBML model

Error Lead Time (hour)

Measures 3 6 9 12 15 18 21 24
Mey, 0.073 0.0671 0.106  0.0646 0.0417 0.116 0.0618  0.0888
stde,, 0.1449  0.1799  0.1836 0.1562 0.1647  0.2362  0.1982 0.232

MAE (m) 0.0747  0.0892  0.1001 0.0888 0.1095 0.1174 0.091 0.1001

RMSE (m) 0.1027  0.1277  0.1428 0.1283 0.1782  0.1779  0.1356  0.1548

bias (m) 0.0422  0.0405 0.0558 0.0224 -0.0102 0.0028 -0.0098 -0.0036
R? 0.9951  0.9926 0.99 0.9917 0.9855  0.9898  0.9919  0.9908

SI 0.0619 0.081 0.0892 0.0848 0.1178  0.1173  0.0891  0.1011
MAPE (%) 10.9096 12.7095 14.7157 12.008 12.5973 17.4128 13.58 15.3229
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Figure 8.16: Forecast results of Hgs based on the PBML model

Table 3.6: Forecast errors of Hss based on the PBML model

Error Lead Time (hour)

Measures 3 6 9 12 15 18 21 24

Me,, 0.0238 -0.0057 -0.0234  0.044 0.078 0.0741  0.0941  0.0919
stde,, 0.1552  0.1636 0.18 0.2319 0.3136  0.3333  0.2992  0.3328
MAE (m) 0.1129 0.1342  0.1652 0.204 0.2584  0.2846 0.273 0.3011
RMSE (m) 0.1758 0.2008  0.2404 0.3031  0.4013 0.445 0.3848  0.4446
bias (m) 0.0129 -0.0179 -0.0383  0.0372 0.067 0.0685  0.0661  0.0634
R? 0.9456  0.9337  0.9087 0.8613  0.7821  0.7438 0.7573  0.7041

SI 0.1283  0.144 0.1701  0.2156 0.286 0.3199  0.2775  0.3228
MAPE (%) 9.9648 11.2799 13.1894 16.5625 20.8705 22.8518 22.6173 24.6826

Figure 3.15 shows excellent forecast performance of Hg,. For instance,
R? values for all lead times are higher than 98.5% in Table 3.5. In con-
trast, the Hg, results presented in Figure 3.16 have relatively low forecast
accuracy. The weak relation between the output (swell) and input (wind
forcing) is the main reason for this phenomenon. Figure 3.17 shows scat-
ter diagrams of the mean wind speed and different significant wave heights
(i.e., Hs, Hgy and H,g) at the same time and position, based on the hindcast
data from year 2001 to 2009. The color depicts the absolute frequencies of
occurrence. Obviously, the correlation between the mean wind speed and
significant wave height for swell (Figure 3.17(c)) is much weaker than that
for wind-generated sea (Figure 3.17(b)). The weaker relationship challenges
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development of the forecasting model for Hgs. In addition, it is visible from
Figure 3.17(a) that despite the existence of swell, the correlation between
H, and U, in the total sea is still relatively obvious. This guarantees the
good performance of the PBML model for forecasting Hj.
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Figure 3.17: Scatter plot of significant wave height and mean wind speed

Table 3.7: Forecast errors of Ty based on the PBML model

Error Lead Time (hour)

Measures 3 6 9 12 15 18 21 24
Me,, 0.0073  0.0027 0.0087 0.006 0.0107 0.0051 0.0057 0.0032
stde,, 0.0486 0.0601 0.0653 0.068 0.0685 0.0646 0.0691 0.0716

MAE (s) 0.1061 0.1671 0.1803 0.1938 0.1953 0.1994 0.2076 0.2203
RMSE (s) 0.1572 0.2354 0.241 0.2551 0.2581 0.2746 0.2791 0.3054
bias (s) 0.021  -0.0009 0.0168 0.0061 0.0221 -0.0058 0.0037 0.0003
R? 0.9944 0.9873 0.9864 0.9851 0.9849 0.9825 0.9824 0.9793

SI 0.0342 0.0517 0.053 0.0562 0.0567 0.06 0.0611 0.0669
MAPE (%) 2.8555 4.2903 4.6335 4.9302 4.9289 4.7782 5.1044 5.2865
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3.3.3.2 Mean wave period

Tmw and T, are forecasted by PBML models, to further investigate the
reasons for the higher uncertainty level in 7}, forecasts. The corresponding
forecast results of the point 5 are shown in Figures 3.18 and 3.19, respec-
tively. Meanwhile, Tables 3.7 and 3.8 summarize the forecast errors of T},
and T;,s, respectively.
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Figure 3.18: Forecast results of Ty based on the PBML model
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Figure 3.19: Forecast results of Ty,s based on the PBML model
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Table 3.8: Forecast errors of Tys based on the PBML model

Error Lead Time (hour)
Measures 3 6 9 12 15 18 21 24
Me,y, -0.0013 -0.0046 -0.0017 0.0098 0.0030 0.0171 0.0126 0.0082
stde,, 0.0386 0.0515 0.0625 0.0779 0.0766 0.0822 0.0901 0.0960

MAE (s) 0.1471 0.2541 0.3130 0.4186 0.4011 0.4523 0.4969 0.5340
RMSE (s) 0.3164 0.4106 0.4707 0.5595 0.5693 0.6024 0.6648 0.7136
bias (s) -0.0153 -0.0504 -0.0386 0.0139 -0.0095 0.0695 0.0273 -0.0070
R? 0.9713 0.9528 0.9373 0.9103 0.9033 0.8870 0.8621 0.8382

SI 0.0438 0.0565 0.0650 0.0777 0.0792 0.0833 0.0926 0.0995
MAPE (%) 2.0241 3.4833 4.3740 5.9968 5.6001 6.4784 7.063  7.5135
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Figure 3.20: Scatter plot of wave period and mean wind speed

Figures 3.18 and 3.19 present similar findings to those shown in Figures
3.15 and 3.16. That is, the forecast performance of the PBML model for
wind-generated sea is better than that for swell. Similar to Figure 3.17,
scatter diagrams of the mean wind speed and different wave periods (i.e.,
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Ty, Trnw and Thy,s) are illustrated in Figure 3.20. The different correlations
shown in Figure 3.20(b) (strong correlation between U,, and T},,,) and Fig-
ure 3.20(c) (weak correlation between U, and T),s) can explain these fore-
cast performances to a certain extent. Furthermore, the correlation between
Uy, and T, (Figure 3.20(a)) is much lower than the one between U, and H,
(Figure 3.17(a)), which leads to worse forecast performance of 7}, than H.

3.3.4 Summary

Forecast performance of the PBML method for one-day-ahead forecasting
of wave conditions is investigated in this section. Compared with widely
used physics-based numerical methods, high computational efficiency is its
primary advantage. On one hand, the PBML model is capable of using
environmental conditions in a small area or even from a single position to
make forecast. On the other hand, the training process of machine learning
is performed mainly through matrix operations rather than solving partial
differential control equations. Furthermore, once the model is trained based
on the site-specific data, making forecasts on new inputs is straightforward
and extremely fast without any new simulations. The forecast results indi-
cate that the forecast performance of H, is extremely good, while that of T},
is slightly worse due to the weaker implicit relationship between the selected
input and output. This is further proved by forecasting wave conditions of
wind-generated sea and swell separately. Overall, the PBML method can
be conceived as an efficient way for wave forecasting in a small area, which
is particularly suitable for on-site marine operations.

Moreover, it must be emphasized that, similar to the physics-based wave
model, the PBML model needs future wind forcing to drive it as well. The
research conducted in the thesis assumes that the future wind forcing is
known and accurate. In real applications, the availability of wind forecasts
as well as its uncertainty should also be considered.

3.4 Comparison with physics-based wave models

The application potential of using machine learning-based methods for fore-
casting environmental conditions have been investigated. Furthermore, it is
meaningful to compare them with commonly used physics-based numerical
weather forecasting methods. In this section, the comparison of wave fore-
cast performance between TSML model, PBML model and physics-based
wave models is performed, which is summarized in Tables 3.9 to 3.11.
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Table 3.9: Comparison of one-day-ahead Hs forecasts

Error measures

bias RMSE SI R?

Forecasting method

ECMWF  -0.15 0.32 021 0.94

Physics-based numerical methods MOF -0.08 025 017 0.96
MTF -0.22 0.42 024 0091
SHM -0.27 044 021 0.93
DMI -0.11 0.27 020 0.94
MTN -0.17 0.29 0.20 0.94

Machine learning-based method TSML -0.36 0.83 0.39 026
PBML  -0.0008 0.27 0.13 0.96

Table 3.10: Comparison of one-day-ahead T}, forecasts

Forecasting method Error measures
bias RMSE SI  R?

ECMWF -035 0.84 028 0.64

Physics-based numerical methods MOF -0.08 0.84 0.27 0.62
MTF -0.22 1.02 0.29 0.60

SHM -0.44 084 0.28 0.57

DMI -0.28  1.26  0.28 0.64

MTN -0.26 0.84 0.29 0.60

Machine learning-based method TSML -0.22 1.65 022 049
PBML  0.12 1.30 017 0.71

Given that the forecast performance of different TSML methods is sim-
ilar, the ANN M-1 model is utilized as the TSML method due to the high
computational efficiency. The results shown in Figures 3.10 and 3.14 are
used to represent the forecast performance of the PBML method. Tables
3.9 and 3.10 summarize the forecast performance of Hy and 7}, in terms
of four error measures (bias, RMSE, SI and R?). In these two tables,
physics-based numerical methods from six forecast modelling institutions
are considered, namely ECMWEF, MOF (MetOffice), MTF (MeteoFrance),
SHM (SHOM - Service hydrographique et océanographique de la Marine,
Naval Hydrographic and Oceanographic Service), DMI (Danish Meteoro-
logical Institute) and MTN (MET-Norway). The results are extracted from
a report [198], which evaluated the forecast accuracy of Hy and T}, by com-
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paring the forecasts against measurements at different North Sea buoys. In
addition, Natskar et al. [199] developed a statistical model to account for
uncertainty in H forecasts. He compared forecasted H; at the Norwegian
Sea with hindcast data and quantify the forecast uncertainty by analyzing
statistics of errors in terms of the maximum significant wave height during
the forecast period, as shown in Eq. (3.14). The relevant results are sum-
marized in Table 3.11. We treated H, forecasts generated by the TSML
and PBML methods following the same procedure and made a comparison
in this table. It is noted that physics-based numerical methods normally
generate weather forecasts within a relatively long forecast horizon (a few
days). In order to be consistent with the horizon of forecasts generated
by the machine learning-based methods in the thesis, only one-day-ahead
results are focused.

Hs,hc,max

3.14
Hs,fc,max ( )

XHS,max(TR) =
where x is a stochastic variable describing the ratio between hindcasted and
forecasted maximum significant wave heights during the operation reference
period Tg.

Table 3.11: Comparison of the forecast uncertainty in Hs (based on the
method from Natskar)

Forecasting method Tgr (h)  funy  Oiny

by Asle Natskar 0.06 0.11
TSML 24 0.08 0.37
PBML -0.02  0.10

The comparison between the two machine learning-based methods shows
that by accounting for the physical process of wave field, the forecast per-
formance of the PBML method is better than that of the TSML method
for both Hy and T),. By comparing them with the physics-based numerical
methods, it is visible that the uncertainty level of the TSML method is
the largest. In addition to it, the forecast uncertainty level of the PBML
method and physics-based numerical methods is similar. Thus, it could be
inferred that when long-term historical wave and wind data are available
at a given offshore site, the PBML method can be considered as an alter-
native to provide multi-step-ahead wave forecasts, since the cost and time
consuming of running the PBML model are quite low.

Nevertheless, it must be emphasized that this is only a preliminary com-
parison to explore the feasibility of using machine learning-based methods
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for wave forecasting. The conditions of different forecasting methods are not
exactly the same. First, the time duration and location of weather forecasts
are different. The analysis time for physics-based wave models in Tables 3.9-
3.10 and 3.11 are three months (May 2017 to July 2017) and one year (year
2011), respectively. By comparison, that for machine-learning based models
is one year (year 2010). Besides, physics-based wave models from different
forecasting centers correspond to different sites in the North Sea area and
Norwegian Sea, while the offshore site of interest in the thesis is a location
near the North Sea center. Additionally, the sources of validation data used
to quantify the uncertainty are different. Physics-based wave models shown
in Tables 3.9 and 3.10 are validated by measurements, and the one shown
in Table 3.11 uses hindcast data for validation. By comparison, forecasts
generated by the TSML and PBML models in the thesis are validated with
hindcast data. Finally, physics-based wave models are forced with 10 m
forecasted winds. Whereas hindcast winds are used as inputs in machine
learning-based models. Nevertheless, the findings from the above compari-
son analysis still can provide a general sense of the application potential of
machine learning methods in weather forecasting.
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Chapter 4

Methodology for the
allowable sea states
assessment of marine
operations considering
weather forecast uncertainty

During the execution phase, it is necessary to make decisions on whether
marine operations can be carried out safely by comparing operational limits
with weather forecasts. Accordingly, uncertainty in weather forecasts is an
important issue required to be addressed. This chapter investigates the
effect of weather forecast uncertainty on marine operations, and proposes
a methodology to deal with weather forecast uncertainty in operational
planning and execution phases.

First, a brief introduction of the alpha-factor, a correction factor devel-
oped by DNV to take into account weather forecast uncertainty for marine
operations, is presented. It is determined by the probability analysis of
maximum wave height and used to correct the H, limit of marine opera-
tions. Subsequently, a new defined response-based correction factor, called
the response-based alpha-factor apr, is introduced. It is designed to ac-
count for the effect of forecast uncertainties in sea states (characterized by
H, and T,) on dynamic responses of the coupled system for marine opera-
tions. apg is determined from the perspective of system responses to ensure
that the safety level for marine operations (e.g., 10~% per operation) is kept
the same with and without considering weather forecast uncertainty. The

91
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general methodology for the development of ar will be described in de-
tail. Finally, the application of the derived response-based alpha-factor for
assessment of allowable sea states for marine operations will be discussed.

4.1 Alpha-factor proposed by DNV

The alpha-factor « [146] is estimated by dividing the maximum wave height
with a defined probability level to the same level maximum wave height
accounting for Hg forecast uncertainty. The expression is shown in Eq.
(4.1).

a = & (4.1)

Hmax WF

where H,,q,; is the characteristic value of maximum wave height, that is
defined as the extreme wave height during a given reference period (e.g., 3
hours) with an exceedance probability of 107%. H,puwwr is the character-
istic value of maximum wave height with the same exceedance probability
taking into account the forecast uncertainty in Hg. For clarity, the symbols
H! and H{ are used to denote the actual (true) and forecast Hy in the
following introduction, respectively.

When a forecasted hyi value is given and its forecast uncertainty is not
considered, it can be regarded as the true Hy, i.e., h%. Then the probability
density function (PDF) of maximum wave height with the given significant
wave height is defined as fy(h'). Based on the cumulative distribution
function (CDF) of maximum wave height (Eq. (4.2)), the characteristic
value H,,q, can thereby be calculated by Eq. (4.3).

h
Fu(h) = /O Fu ()l (4.2)

1 — Fy(Hpax) = 1074 (4.3)

By contrast, when forecast uncertainty in the h£ value is considered,
the true significant wave height should be described as a distribution rather
than a deterministic value, accounting for all possible h% values and the
corresponding individual wave height distribution under the given hg value.
As a result, a joint PDF of H and H! is established as

Srme (W, BS) = frme (W |hS) - fri(hY) (4.4)

where frpe (B |h§,) is the conditional PDF of maximum wave height with
a given actual significant wave height. fg (h%) is the PDF of actual sig-
nificant wave height for the given forecasted significant wave height value,
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that is evaluated from the uncertainty analysis of the forecasting model.
For different forecasted significant wave heights, this distribution will be
different.

Through integration, the marginal CDF of the maximum wave height
can be obtained, as shown in Eq. (4.5).

h “+00
FVF(h) = /0 [ g O 1) - i (L)t (4.5)

In Eq. (4.5), it is important to quantify the weather forecast uncertainty
and establish f Hg(hi,). In the technical report of the joint industry project
(JIP) published in 2007 [146], the forecast uncertainty of Hy is characterized
by the forecast error Ay, which is defined as Eq. (4.6). This is a random
variable which is assumed to follow a Gaussian distribution. According to
Eq. (4.6), for a given forecasted significant wave height value, the actual sig-
nificant wave height is also a Gaussian variable and its distribution fg: (hY)
can be transformed from the relevant error distribution. That it, its mean
value is the forecasted significant wave height adjusted by the error bias and
its standard deviation is the same as that of the forecast error. It is impor-
tant to emphasize that the forecast uncertainty can also be defined in other
ways. Subsequently, the characteristic value Hj,q, wr can be determined
by solving Eq. (4.7), which is used to generate the a-factor by Eq. (4.1)
together with H,,qz-

Ap=h! —H! (4.6)

1 — FYV Y (Hpawwr) = 1074 (4.7)

Following the above procedure, a-factors can be estimated and tabu-
lated for different weather forecast scenarios. Although the alpha-factor is
obtained based on the extreme wave height, it is used as a ratio of the sig-
nificant wave height for marine operations, assuming that the extreme wave
height is proportional to the significant wave height and disregarding the
effect of wave period and system responses. In practice, for the execution
phase of an operation, the specific alpha-factor needs to be selected from
the tabulated values in terms of the operation duration, the forecast lead
time, the quality of weather forecasts, etc. This selected factor can then be
used to correct the allowable Hy (i.e., Hy_jiy) of the operation by Eq. (4.8)
to account for the weather forecast uncertainty.

Hs,lim,a =« Hs,lim (48)

where Hg jim o is the new H, limit accounting for the forecast uncertainty.
In real marine operations, the forecasted value of H,; will be compared to
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this new H limit to determine whether a safe operation can be performed.
If the forecasted Hj is smaller than the new Hg limit, the marine operation
can be safely performed.

4.2 Response-based alpha-factor

In this section, the methodology for derivation of the response-based alpha-
factor ap is proposed and introduced. It aims to consider the effect of
forecast uncertainties in sea states (characterized by H, and 7)) on marine
operations from a perspective of the system responses. A detailed descrip-
tion of the methodology framework, the key parameters as well as involved
analytical techniques are introduced in the following subsections.

4.2.1 Key parameters

Considering the properties of marine operations and weather forecasting,
the ap is presented as a function of:

e The type of marine operation and the relevant operational limiting
response parameter

e The duration T of the selected operation, i.e., the time used in the
extreme response analysis. The characteristic value used to define
and calculate the agr is the extreme response value with a certain
exceedance probability (e.g., 107 or 1072) during the T}.

e The sea state reference period Tg, such as 1 hour, 3 hours, etc., is the
period used to define a stationary sea state, to quantify the forecast
uncertainty and to derive the allowable sea states. It is also the same
period that ag will be applied in marine operations to correct the
allowable sea states when forecast uncertainty is considered.

o The forecast variable of weather conditions, e.g., Hy, T}, etc.

e The weather forecasting method

e The lead time T}, of weather forecasts (i.e., the forecast horizon)
e The forecast uncertainty model

Among the above factors, the type of marine operation must first be
selected. It decides the critical events during the operation and the cor-
responding operational limiting response parameters. The identification
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method of critical events and limiting parameters refers to Guachamin Acero
et al. [67]. By means of numerical modeling of the selected operation during
the operational duration Tg, the dynamic responses of the limiting param-
eters can be studied. The corresponding extreme value distribution and the
characteristic value can subsequently be determined by statistically analyz-
ing the dynamic responses. For operations such as offshore wind turbine
blade installation, the critical event may be more concentrated in the final
mating phase between blade root and turbine hub opening. T is only a
few minutes in this case, and the extreme response should be analyzed from
the numerical simulation with such short period. In contrast, for operations
such as towing operation and sea transports, they generally take several
hours/days, and the dynamic response should be simulated during this rel-
atively long period of time. In such cases, it is more complicated. One needs
to deal with the sequence of the sea states during operation and the worst
sea state might be considered to achieve a conservative result.

Regarding weather conditions, Ts refers to a time interval in which the
sea state can be assumed to be stationary. In this period, the statistics
(such as the mean value and standard deviation) of a realization of the
wave elevation are considered to be independent of time. For marine oper-
ations, Tg is normally 1 hour or 3 hours. The other three factors, i.e., the
forecast variable of weather conditions, the weather forecasting method and
the lead time Tj of weather forecasts, determine the uncertainty related
to the weather forecasts. Regarding the forecast variable, significant wave
height H, and peak wave period 7}, which are utilized to describe sea states
are considered. For operations sensitive to wind loads, forecast uncertainty
in the wind fields may also be included and related variables (e.g., mean
wind speed U,,) can be regarded as other forecast variables. With regard to
the lead time 77, it could range from one- or three-hours-ahead (depending
on Ts) to several-days-ahead, taking into account the execution time of the
selected marine operation. As for the forecasting method, different methods
(e.g., physics-based numerical method, statistical method or machine learn-
ing method) can be adopted to generate forecasts. After obtaining weather
forecasts, a forecast uncertainty model is utilized to quantify uncertainties
in sea state forecasts.
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4.2.2 Framework

The framework of the proposed methodology is illustrated in Figure 4.1 and
described in the following steps.

Determine
(1) Weather forecast parameter
(2) Sea state reference period T
(3 Lead time T,

v

Perform weather forecasting
(@) Physics-based numerical method
() statistical method, or
(® Machine learning method Determine

¢ (D A specific marine operation

(2) Related operational limiting response parameter
Forecast uncertainty quantification (3 Duration of the operation 7y
of the weather parameters ‘

v

Forecast uncertainty
distribution of the given

e ! Assessment of dynamic response of
Agiven

the operation
sea state I > .
Nt 5 Y (D Frequency domain, or

sea state Time domain
Statistical analysis to estimate the
extreme response distribution
| Dynamic response
Weather forecast analysis analysis

Calculate the characteristic values of
extreme response with and without
considering weather forecast uncertainty

v

Estimate the response-based alpha-
factor ay for the given sea state

L Tabulated oy factors

Assess the allowable sea state considering
weather forecast uncertainty

Estimation and application of
response-based alpha-factor

Figure 4.1: The framework of the methodology for developing the response-
based alpha-factor

Weather forecast and uncertainty quantification

1. Determine the weather variable that needs to be forecasted, the sea
state reference period Ts and the lead time T7,.

2. The selected weather parameters are then forecasted through the physics-
based numerical method (such as WAM), the statistical method (such
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as ARIMA) or the machine learning method (such as ANN). In the
thesis, the weather forecasting is carried out for both Hy and T}, to de-
scribe the sea state. In order to better illustrate the weather forecast
analysis, the actual sea state is termed as (H, T;) and the forecasted

sea state is presented as (H. 7 , Tzf ). Normally, for the forecast uncer-
tainty analysis, the amount of forecasted data should be as large as
possible.

3. The forecast uncertainty quantification is performed to establish error
distributions. Similar to the alpha-factor method, this can be done by
analyzing the statistical characteristics of a pre-defined forecast error
ratio in terms of T7,.

4. Finally, for a given forecasted sea state, the distribution of the actual
sea state can be established by transforming the error distribution.
This distribution reflects all possible true sea states for a given fore-
cast, and illustrates the weather forecast uncertainty. The method
and details for forecast uncertainty quantification will be presented in
Sec. 4.3.

Dynamic response analysis

1. A specific marine operation is determined. For this operation, the
critical events and operational limiting response parameters as well as
the operational duration Tg should be identified.

2. For the sea state considered in the weather forecast analysis, the dy-
namic response of the limiting response parameter can be simulated
and assessed based on frequency- or time-domain response analyses,
depending on the properties of the selected operation.

3. Finally, by statistically analyzing the dynamic responses, the extreme
response distribution can be estimated. A description of the extreme
response analysis will be given in Sec. 4.4.

Estimation and application of the response-based alpha-factors

1. Once the forecast uncertainty distribution and the extreme response
distribution for a given sea state are determined, the characteristic val-
ues of the limiting parameter in the condition with and without consid-
ering weather forecast uncertainty can be calculated respectively. The
characteristic value corresponds to the extreme response for a target
exceedance probability (e.g., 1074) of the extreme response distribu-
tion within the period T'g.
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2. By dividing the two calculated values, the ar for this given sea state
can be estimated. The details for calculating the ar will be presented
in Sec. 4.5.

3. Followed by this procedure, the tabulated ag can be generated for
various sea states. Based on it, the allowable sea states associated with
the operation could be assessed, accounting for the weather forecast
uncertainty. This will be discussed in Sec. 4.6.

4.3 Uncertainty quantification of sea state fore-
cast

In this section, the procedure for quantifying the uncertainty in sea state
forecasts is described. It is assumed that forecast uncertainties of Hy and
T, are independent. Therefore, the PDF of actual sea state with a given

forecasted sea state (hf: , tg ) can be expressed as Eq. (4.9).
ngT;(hZat;) = fue(h) - It (ty) (4.9)

where fy:(h}) and fre (1) describe the probability that actual H, and T,
may occur under given forecasted significant wave height and peak wave
period, respectively.

To establish the PDF of actual sea state, the PDF of the forecast error
should be first determined, and then the PDF of the actual sea state is
obtained by converting that of the forecast error for a given forecasted sea
state. In previous chapters, the forecast error factor, defined as Eq. (2.46),
has been applied to quantify the forecast uncertainty. To facilitate the
transformation of distributions, the forecast error ratio ¢ (defined as Eq.
(2.47)) will be used in Chs. 4 and 5. Corresponding to H, and T, ), and
et are expressed by Eqgs. (4.10) and (4.11) respectively.

Hy

ep = —2 4.10
nl (4.10)
Tt

&= —¢ (4.11)
tp

Since marine operations are normally executed in relatively low sea
states, it is reasonable to analyze the forecast uncertainty with respect
to the range of H, and T),. For this purpose, forecasted data as well as
corresponding forecast error ratios are categorized. Subsequently, error dis-
tribution for each group can be established. Both &, and e; are modelled
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as Gaussian distributed, whose parameters should be estimated separately
in each group. Correspondingly, the PDFs of the forecast error ratios can
be expressed as Eqgs. (4.12) and (4.13) respectively.

1 [ 1 /e - pen \
= — - —— 4.12
fEh (€h) \/ﬁaeh P 2 ( Och > ( )

_ 1 [ 1 €t — et 2
fe(er) = NP exp 2( p > ] (4.13)

where mean value p., and standard deviation o, are functions of h£ and
Tr. Mean value p. and standard deviation o, are functions of tg and T7,.

pieh = pen(hl, Tr) (4.14)
oen = oen(h], Tp) (4.15)
Het = Mst(t};, Ty,) (4.16)
Oct = Ust(tg,TL) (4.17)

Based on the expressions of €j, and €, actual Hg and T}, are also Gaussian
distributed. They are described as Eqs. (4.18) and (4.19) and also functions
of forecasted sea state values and T7. They reflect the forecast uncertainty
in sea states.

Wy =en-hl = NhL - pen, hi? - o?) (4.18)

th=er-th =Nt pet, t]? - 024%) (4.19)

4.4 Extreme response analysis for marine opera-
tions

In this section, the method for evaluating the conditional distribution of the
extreme response for a given sea state will be briefly summarized. Normally,
the extreme response distribution is built based on the dynamic responses
analysis of marine operations. According to the nature of the problem, two
methods are mainly applied, i.e., frequency domain (FD) and time domain
(TD) methods. Regarding marine operations, for problems that can be
considered under a linear assumption, it is possible to study the dynamic
response in frequency domain to significantly reduce computational cost.
Whereas for complex nonlinear systems, time domain response analysis ap-
proach is more suitable.
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Frequency domain analysis
When analyzing the dynamic response of an offshore structure subjected
to wave loads in frequency domain, it is assumed that the response ampli-
tude y, varies linearly with the wave amplitude £, for each frequency, and
the transfer function hey(w) is utilized to characterize this deterministic
relationship. Correspondingly, the response spectrum Syy (w; A, t;) can be
given by
Syy (w; L, 1) = |hey (W) - See(w; b, tL) (4.20)

s "p s %p

where Sge(w; %, t,) is the wave spectrum for a given sea state (h},t}).
|h¢y (w)] is the absolute value of transfer function.

Given that the wave surface process can be modelled as a Gaussian
process, the response process can also be modelled as a Gaussian process
due to the linearity assumption. Correspondingly, it is reasonable to model
the global response maxima R, (i.e., the largest value between zero up-

crossings) as a Rayleigh distribution under a given sea state, as shown in

Eq. (4.21).
1 r 2
(5 <h27t;>>] (20

where ay(hé, tf) is the variance defined by Eq. (4.22), in which mg,(hg, th)

is the zero™ order spectral moment.

FR ‘HtTt T'() ‘hs, p) =1 — exXp

o3 (bl 1) = miPy (L, 1) (4.22)
The j** order spectral moments m(] ) (R, t;,) can be defined by
m\) (WL, i) = / W’ Syy (w; b, 1) du (4.23)
0

Assume that all individual global response maxima of the given sea state
are independent and identically distributed, the CDF of extreme response
R can be given by Eq. (4.24), where n is the expected number of global
maxima during the given period Tg, calculated by Eq. (4.25).

. <M>2] }n (4.24)

(4.25)

Tg
TmOZ

n =
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where T),02 is the mean zero up-crossing period, given by

(0)
m
Trno2 = 27 {2;’ (4.26)
Mmyy

As n increases, this CDF can be reasonably approximated by the Gumbel
distribution, which is shown in Eq. (4.27).

r—oy
FR|H§T$ (r ‘h’;, t;,) = exp {— exp [— 3 ] } (4.27)
where v and 8 are the location and scale parameters, respectively. They
are expressed as Eqs. (4.28) and (4.29), based on the Rayleigh assumption
of the global response maxima.

v =oy(hl,th)vV2Inn’ (4.28)

s p

t gt
g 2 Uly) (4.29)
v2Inn
Finally, based on Eq. (4.27), the characteristic value of the dynamic
response corresponding to a target exceedance probability can be calculated.
Time domain analysis
For marine operations like mating operation of offshore blade installa-
tion, there exists a number of non-linear sources such as second-order wave
forces on floating vessel, aerodynamic loads on blade and so on. Hence,
dynamic response of the system should be addressed in time domain. In
this case, the assumption of Rayleigh distributed global maxima is no longer
valid. Nevertheless, a Gumbel extreme value distribution is still valid for
most cases [200], but the expressions of Gumbel parameters shown in Egs.
(4.28) and (4.29) need to be modified. To find Gumbel parameters, it is nec-
essary to fit the extreme response distribution based on the response time
series by time domain simulations. The procedure is described as follows:

1. For a given sea state, perform the time domain simulation of the op-
eration during the operational duration Tg (e.g., 10 min) and get a
realization of the dynamic response. From the realization, the re-
sponse maxima 7, can be extracted.

2. To better fit the tail of the extreme response distribution, multiple
simulations under the same sea state should be performed to extract
a sufficient number of maxima. Hence, repeat the simulation k times
with random wave seeds, and k independent response maxima {ry, ro,
r3, ..., Tk} can be obtained.
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3. According to the series of response maxima, the Gumbel distribution
can be fitted by different methods, e.g., the method of moments, max-
imum likelihood estimation and so on. Based on the fitted Gumbel
distribution, the related characteristic value can be calculated, corre-
sponding to a target exceedance probability from the extreme response
distribution.

4. Repeat the procedure for a large number of different sea states, the
corresponding Gumbel parameters can be obtained, which are func-
tions of Hy and T),.

v =(hi, ) (4.30)
B = B(hi,ty,) (4.31)

4.5 Derivation of the response-based alpha-factor

Followed by the weather forecast analysis and the extreme response analysis,
the response-based alpha-factor apr for a given sea state can be calculated
by Eq. (4.32):

Rpg

Rewr

QR (4.32)
where Rp is the characteristic value of the limiting response parameter
within an operational duration Tg. It is defined as the extreme response
with an exceedance probability (e.g., 10™*) from the extreme response dis-
tribution. The definition of Rg wr is similar to Rg but considering the
forecast uncertainty in the sea state.
1) Calculation of Rp

When a forecasted sea state (héc , t}f) is given and its uncertainty is
not considered, the forecasted sea state is regarded as the true value, i.e.,
(h%, ). Under this sea state, the extreme response distribution of a spe-
cific operation can be estimated directly by frequency- or time-domain
response analyses. The PDF of the extreme response R is denoted as
fR]HéT,E (r! ‘h';, té), and its CDF can be expressed as Eq. (4.33).

FR(r):/O fR\HgT;; (r" |n%, 8, )dr! (4.33)

By solving Eq. (4.34) with a certain exceedance probability (e.g., 1074
shown in the equation), the Ry value under the sea state can be determined.
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It should be noted that the target exceedance probability depends on the
type of operation and consequences of failure events.

1 — Fr(Rg) =10"* (4.34)

For marine operations, the exceedance probability of the extreme re-
sponse is normally set to 104, However, the selection of such exceedance
probability level is subjected to discussion. The target level can reflect the
consequences of operation failure and one may also consider for example
10~2 for marine operations if the consequence of failure is not significant.
For instance, for the mating operation by an installation vessel, the motion
response of the crane tip can be regarded as a limiting response parame-
ter. It is not a structural response parameter like lift wire tension. Large
crane tip motion will lead to unsuccessful operation, but may not cause any
structural and component damage or operation failure. Operator may try
a second operation, if the first operation is not possible. Therefore, in this
case, the characteristic values of the limiting parameter can be derived on
the basis of extreme response analysis corresponding to a relatively high
exceedance probability level.

2) Calculation of Rp wr

When the weather forecast uncertainty is taken into account, the fore-
casted sea state cannot be regarded as the true value directly. Instead, for
the forecasted sea state (hf , tp) there are many possibilities for the actual
sea state. Therefore, it is of importance to establish the PDF of actual sea
state under the given forecasted sea state, expressed as f HITY (R, p) In this
case, the characteristic value Rg ywr can be determined by a joint PDF of
the extreme response R and the actual sea state (H!, T, ;), that is established
as

fRHtTt( hsat;) fR‘Hth ‘hsv D ngTt(hwtp) (435)

where fR’ HtTt r’ ‘hs, p) is the conditional PDF of the extreme response

with a given actual sea state. f Hth(hS, t;) reflects the uncertainty in actual
sea states for a given forecasted sea state.

Through integration, the marginal CDF of R can be obtained, as shown
in Eq. (4.36).

r 400 +00

// /fR‘HtTt "|hi, ) - HtTt(hS,t;)dhtdtth (4.36)

By solving Eq. (4.37), the corresponding Rp wr value with the same
exceedance probability as Rp can be determined.

1 - FYY (Rpwr) =104 (4.37)
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3) Calculation of ap

For the given sea state, by substituting Rrp and Rg wr values, the
corresponding ap value can be calculated by Eq. (4.32). ar depends on
the type and duration of the marine operation, the forecasting method,
etc., mentioned in Sec. 4.2.1. For a specific marine operation, repeating
this procedure in different sea states, the tabulated ar can be obtained.

4.6 Application of the response-based alpha-factor

According to the a-factor proposed by DNV, the allowable sea states in
terms of H, can be adjusted directly by the selected o.. In comparison, the
ap proposed in this thesis is from the perspective of dynamic responses, and
it also depends on the type of operations. Besides, ar takes into account
the forecast uncertainty in both Hg and T},. Correspondingly, it should be
more comprehensive and reliable in the application of marine operations.
However, the ar is a response-based criterion and cannot be used directly
to correct sea state limits. In this case, allowable sea states have to be re-
assessed considering explicitly the forecast uncertainty and depending on the
forecast horizon. The procedures of applying the ag in marine operations
are summarized as follows:

» Construction
In the planning phase of a specific operation, the allowable sea states
of the relevant limiting response parameter should be assessed. In
principle, this could be done by comparing characteristic values of the
response with the allowable limit value. Based on the aforementioned
procedure, characteristic values Rg of the limiting parameter for var-
ious sea states can be evaluated by carrying out dynamic response
analysis. Then different sea states under which Rg is equal to the
allowable limit can be found. These sea states form a contour line to
represent the maximum sea states that the operation can be safely
executed. One example is illustrated in Figure 4.2. Assuming that
the allowable response limit of an operation is R%, a black solid line
can be generated, showing the maximum allowable sea states for the
operation. For all sea states along this line, the corresponding char-
acteristic value Rp of the system will be equal to the allowable limit
value. For instance, at the point A, the characteristic value Rg under

the sea state (hZ, tﬁ), is equal to the RY.

This is the case without considering uncertainty in sea state forecasts.
If forecast uncertainty is considered, the allowable sea states should
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be reduced to a certain degree. For instance, when a 3 hours-ahead
sea state forecast is (hff,tﬁf) (i.e., at point A), due to the uncer-
tainty of the forecast, the true sea state should be described by the
distribution frer (h,th) instead of a single value. This distribution is
represented by the red circles around the point A. By considering all
possible true sea states and corresponding system responses, the char-
acteristic value Ry ;o can be calculated by Eqs. (4.36) and (4.37).
The REAC,W r becomes larger than the Rg, and their ratio is the ap
with respect to this sea state and forecast lead time. This means that
the operation can no longer be carried out safely for the forecasted
sea state (hff , tﬁf ), and the sea state should be reduced to a certain
level to ensure that the characteristic value of the extreme response
is equal to the allowable response limit (i.e., R%). Correspondingly,
the blue dash line can be generated, that is the allowable sea states
of the operation considering weather forecast uncertainty with 77, of
3 hours. For example, at the point B, the characteristic value RE,W o
corresponding to the forecasted sea state (hst , tf f ) with the lead time
of 3 hours, will be equal to the allowable response limit R%.
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Figure 4.2: Illustration of construction of allowable sea states considering
weather forecast uncertainty

Following this procedure for various forecasted sea states and forecast
lead times, allowable sea states of the operation including sea state
forecast uncertainties at different 77 can be produced. These are
plotted as blue and green dash lines in Figure 4.2.
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o Application
Once these allowable sea states are constructed in the planning phase,
they can be used directly to assist decision-making during the exe-
cution phase of the operation, without any new simulations. This
is done by comparing updated sea state forecast values with these
contour lines. An example is illustrated in Figure 4.3.
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»

Figure 4.3: Illustration of application of allowable sea states conmsidering
weather forecast uncertainty

If a 3 hours-ahead forecasted sea state is (hscf ,tgf ), by checking its
location in Figure 4.3 (that is at the point C'), one can conclude that
the operation cannot be executed since it is above the blue line. By
contrast, if a 3 hours-ahead forecasted sea state is at point D, i.e.
(hst ,t,? ! ), which is below the blue line, the operation is considered
executable.

It is clear that once these contour lines are generated, they can be used
easily and directly. According to the relative position of the weather
forecast value of a certain lead time and the corresponding allowable
sea states, the decision on whether or not to start the operation can
be quickly made.



Chapter 5

Allowable sea states
assessment of the blade
installation of offshore wind
turbine

The methodology for developing ar and assessing allowable sea states of
marine operations have been presented in Ch. 4. In this chapter, a case
study regarding blade installation of offshore wind turbines is conducted,
to illustrate the procedure and the feasibility of the methodology. For the
blade installation, the final mating phase is considered. In this phase, the
blade is close to the nacelle and the dynamic properties of the system do not
vary with time significantly. Therefore, the steady-state analysis of blade
installation is performed. Numerical modelling related to the installation
given in Sec. 5.1 together with uncertainty quantification of weather fore-
casts given in Sec. 5.2 are applied for generating apr of relevant response
limiting parameters. Both the crane tip motion and the blade root radial
motion and velocity are regarded as the operational limiting response pa-
rameters for the installation process, to illustrate the methodology based
on response analysis in frequency- and time-domain, respectively. Secs. 5.3
and 5.4 summarize the corresponding results of apr factors and allowable
sea states considering weather forecast uncertainty.

107
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5.1 Numerical modelling of blade installation

The configuration of a semi-submersible crane vessel used to simulate the
single blade installation is illustrated in Figure 5.1. As displayed, the nu-
merical model consists of three main parts, i.e., a semi-submersible vessel, a
crane and a blade. The semi-submersible vessel is assumed to be equipped
with dynamic positioning (DP) systems to mitigate its slowly varying mo-
tions in surge, sway and yaw. The crane is modelled as a typical pedestal
crane and the DTU 10 MW wind turbine blade [201] is used. For a detailed
description of the model properties, refer to Zhao et al. [54]. Three coor-
dinate systems are also shown in Figure 5.1. As displayed, there are three
right-handed coordinate systems, i.e., a global coordinate system O — XY Z,
a vessel-related coordinate system O, — X,Y, Z, and a blade-related coordi-
nate system O — XY}, 7, whose origins are located at the mean sea surface,
the center of the waterplane of the semi-submersible at rest and the center of
gravity (COG) of the blade, respectively. X, and X}, are in the longitudinal
direction of the vessel and blade, respectively.

o

; Gwv (Or 0\»‘#)

Figure 5.1: Schematic view of the offshore blade installation system (B, is
the incident wave angle and 0,4 is the wind inflow angle)

A fully coupled simulation method, the SIMO-RIFLEX-Aero [52], is
applied to simulate the offshore blade installation in time-domain, which
integrates three programs, i.e., SIMO (SINTEF Ocean [202]) , RIFLEX
(SINTEF Ocean [203]) and Aero (Zhao et al. [53]). Among them, the hy-
drodynamic loads on the semi-submersible and structural dynamics (e.g.,
crane flexibility) are analyzed by SIMO and RIFLEX respectively, and they
are integrated in the SIMA workbench [204]. The aerodynamic loads act-
ing on the blade are calculated by the Aero code based on the cross-flow
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principle [205,206], in terms of the instantaneous blade displacement and
velocity at each time step. It is coupled with SIMO and RIFLEX using the
external dynamic link library (DLL) in SIMA.

To assess allowable sea states for the mating operation of blade instal-
lation, the critical events and the corresponding limiting parameters should
first be identified. An illustration of the system is plotted in Figure 5.2,
which was provided by Zhao [207]. According to her research, the critical
events during the mating phase are excessive radial motion of the blade
root and bent guide pins at the blade root. Correspondingly, the limiting
parameters are the blade root radial motion and blade root radial velocity
(i.e., motion and velocity in the Y;OpZ;, plane), respectively. In addition,
the crane tip motion is also regarded as a limiting parameter, in order to
illustrate the methodology in frequency domain in the case study. To assess
dynamic responses of the limiting response parameters, numerical simula-
tions should be carried out under different environmental conditions. In
the thesis, only irregular beam wind and wave condition is considered (i.e.,
0wy and 6,4 are zero in Figure 5.1) because they could induce relatively
higher response of the system. In addition, the North Sea area is focused
and the JONSWAP spectrum is used to describe the sea state. Besides, the
simulation time is 10 min, which is consistent with the duration of the final
mating phase of the blade installation.

Yoke (red)
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Figure 5.2: Illustration of the mating phase of offshore blade installation
[207]
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5.2 Uncertainty quantification of weather forecasts

Uncertainty of one-day-ahead H, and 7T}, forecasts at the reference site is
quantified in this section. TSML (ANN M-1 model is utilized) and PBML
methods are adopted, which have been investigated in Ch. 2. Figures 5.3
and 5.4 show PDFs of ¢, and e; at different lead times. As displayed,
the error seems to follow a Gaussian distribution, which is in line with
its assumption. As the lead time increases, error distributions show more
discrepancies, which proves the necessity of quantifying the weather forecast
uncertainty. In addition, only forecasts of the total sea are considered and
utilized for the uncertainty quantification analysis. For the wind-generated
sea and swell, they are forecasted separately in Sec. 3.3.3, in which the
corresponding uncertainty models are built. However, the effect of their
forecast uncertainties on marine operations is not addressed in the thesis.
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Figure 5.3: Forecast error distribution of Hs at different lead times
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Figure 5.4: Forecast error distribution of T}, at different lead times
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As aforementioned, forecast error ratios should be analyzed with respect
to the range of Hy and T},. According to the scatter plot of sea states at
the North Sea center (see Figure A.5 (c)), the interval of H groups is set
to 0.5 m, and the group is named using the center value of the interval. For
instance, the group ‘1.5 m’ denotes forecasted H is between 1.25 m and 1.75
m. To ensure that there are sufficient data to fit uncertainty distributions in
all groups, all errors with H lower than 0.75 m and higher than 3.75 m are
classified as ‘0.5 m’ and ‘4 m’ groups, respectively. Likewise, T}, errors are
categorized into different groups in terms of forecasted 7} with an interval
of 1 s. All errors of T}, lower than 5.5 s and higher than 9.5 s are classified as
‘5 s’ group and 10 s’, respectively. These sea state ranges are site specific
and need to be determined according to the characteristics of the target sea
areas.
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Figure 5.5: Statistics of e, and trend line analysis for different lead times
(TSML method)
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Figure 5.6: Statistics of e, and trend line analysis for different lead times
(PBML method)
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Figure 5.7: Statistics of € and trend line analysis for different lead times
(TSML method)
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Figure 5.8: Statistics of €, and trend line analysis for different lead times
(PBML method)

Figures 5.5-5.8 present statistics of €, and &; (discrete points in different
colors) in terms of different ranges of forecasted H, and T}, which are func-
tions of the lead time T}, and generated by the TSML and PBML methods,
respectively. It is evident that error statistics show certain fluctuations,
caused by the statistical uncertainty due to the limited number of forecasts.
This phenomenon can be observed especially in the cases with small sig-
nificant wave height and short peak wave period. This may also be due to
the fact that for the definition of the forecast error ratio, small values will
have larger error ratio than the large values for the same absolute error. To
eliminate these effects to a certain extent, the trend analysis is performed.
The trend lines (linear type) of the discrete points in the above figures are
estimated using the least-square fit algorithm, shown as solid lines in the
corresponding figures. From the generated trend lines shown in Figures
5.5-5.8, one can observe that both u.;, and e are close to one in different
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groups, except for cases with H in the range of 0.5 to 1.0 m by the TSML
method. Meanwhile, the level of 0., and o.; increase as T, increases and
the range decreases. By using statistics along trend lines, the PDF of ac-
tual sea states considering uncertainties can be generated, referring to Egs.
(4.18) and (4.19).

In addition to the machine learning-based forecasting models employed
in the case study, physics-based wave models (such as WAM, SWAN and
WATCH III) are another choice commonly used for the sea state forecasting.
Various meteorological centers such as ECMWEF and MetOffice are able to
provide sea state forecasts based on the physics-based wave models. Their
forecast performance is generally evaluated in terms of error measures like
RMSE, bias, SI, etc. In order to deal with the corresponding forecast uncer-
tainty and apply the results in the development of ap, a slightly different
uncertainty model should be developed. The aim of the model is to di-
rectly use error measures for uncertainty quantification analysis. A detailed
example will show the work of it in the following part.

In this uncertainty model, the forecast error (defined as Eq. (2.45))
is used in the forecast uncertainty analysis. For Hg and T}, Aj and A
are expressed as Eqgs. (5.1) and (5.2), respectively. Likewise, they are also
modeled as random Gaussian variables, but considering all forecasted sea
states. As a consequence, A, and A; are not functions of the sea state
ranges, but only functions of the forecast lead time. This is different as
compared to the forecast error ratios defined in Egs. (4.10) and (4.11). To
establish their distributions, the corresponding Gaussian parameters (i.e.,
the mean value pa and standard deviation o) can be directly derived by
means of RMSE and bias instead of statistical analysis of forecasted data.
Their expressions can be seen in Eqgs. (5.3) and (5.4), respectively. Table
5.1 lists statistics of Ay, and A; with respect to the one-day-ahead forecasts
from six forecasting modelling institutions described in Sec. 3.4.

A, =hi —H! (5.1)
Ay=tf —T! (5.2)
ua = bias (5.3)

on = VRMSE? — bias? (5.4)
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Table 5.1: Error mean and standard deviation of forecasts from different
institutions (17, =24 hours)

Forecast ~ Gaussian Forecast modelling institutions
variable ~parameter ECMWF MOF MTF SHM DMI MTN

1% HAh -0.15 -0.08 -0.22 -0.27 -0.11 -0.17
S

OAR 0.28 024 036 035 025 024

T Hat -0.34 -0.08 -0.22 -0.44 -0.28 -0.26
p

OAt 0.77 0.84 1.00 0.72 1.23 0.80

According to the expressions of Ay and Ay, the conditional PDFs of
actual Hg and T, can be expressed as Eqgs. (5.5) and (5.6) respectively.
Then the conditional PDF of actual sea states can be calculated by Eq.
(4.9). By doing this, the evaluation information of weather forecasts issued
by different forecast modelling institutions can be used, and the forecast
uncertainty quantification can be carried out. The quantification results can
be further used in the following allowable sea state assessment. However,
it should be emphasized that this is a relatively simple method since the
error is constant within all ranges of the weather variable, and the error
distribution are not expressed as a function in terms of h] and tp.

hi) = N(hl — pan. oin) (5.5)

ey 1) = N(t] — paw o4) (5.6)

5.3 Crane tip motion (FD)

This section investigates the allowable sea states assessment in terms of
the crane tip motion. For the blade installation by a semi-submersible, the
motion of the crane tip is important. This is because wave-induced motion
of the semi-submersible will contribute to a significant motion at the crane
tip. The crane tip motion could further increase the motion of the blade
and challenge the security of the blade mating operation. Given that the
wave-induced vessel motion is the main source of the crane tip motion, the
wave condition is of main interest and the wind condition is not considered
in this section. Furthermore, frequency-domain response analysis approach
is utilized for the advantage of the high cost efficiency.
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5.3.1 Dynamic response analysis of the crane tip

Based on the frequency-domain response analysis approach, the motion of
semi-submersible can be directly obtained by the motion transfer functions
and wave spectra. The first-order motion transfer functions for the semi-
submersible are obtained from the hydrodynamic code HydroD [208]. Based
on the motion transfer functions of the semi-submersible and the relative
coordinate of the crane tip to semi-submersible’s COG, the motion transfer
functions for the crane tip can be calculated.

5.3.1.1 Spectral analysis

In the beam sea condition, the transfer functions of the first-order motion
of the crane tip in 3 degree-of-freedoms (DOFSs) are shown in Figure 5.9. It
is visible that the natural periods of the crane tip in Xy, Y, and Z; direc-
tions are relatively large (23-25 s). Given that the focus of T}, in weather
uncertainty analysis is in the range of 5-10 s which are well smaller than
these natural periods, the crane tip motion is mainly determined by wave-
frequency motions. By applying the transfer functions together with wave
spectra, the power spectra of crane tip motion can be generated. An exam-
ple of a series of wave spectra and the resulting motion spectra of the crane
tip are illustrated in Figure 5.10. In the figure, sea states are described by
a JONSWAP spectrum with Hy =2 m and different T}, values (from 5 s to
10 s), and the motion spectra are generated by means of spectral analysis
in frequency domain.
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Figure 5.9: Motion transfer functions of the crane tip in the beam sea con-
dition
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Figure 5.10: Wawve spectra and power spectra of crane tip motion for differ-
ent T, (Hi=2m)

As illustrated in Figure 5.10, for a given Hg, the shape of power spec-
tra of crane tip motion is significantly affected by the selection of 7},. The
spectrum peaks increase with increasing Tj, values, which indicates that the
crane tip motion is larger at sea state with larger 7;,. This is because the
relevant wave periods are well smaller than the natural periods of the crane
tip motions and when the wave period increases, the motion of crane tip
increases. In frequency domain, the motion spectra of the crane tip can
give a complete description of its statistical properties, and a Gumbel dis-
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tribution can be adopted to describe the 10-min extreme value. Thus, the
characteristic value of the crane tip motion under a target exceedance prob-
ability can be identified from the simulation in FD, following the method
described in Sec. 4.4. Figure 5.11 presents the characteristic values with an
exceedance probability of 1074, The comparison among cases further proves
the importance of T}, to crane tip motion when using a floating installation
vessel. By comparing the crane tip motion in X, Y, and Z;, directions, it
is visible that the motion in Y; direction is larger than that in other two
directions in the beam sea condition. Hence, only Y} direction is concerned,
and the crane tip motion refers to its motion in Y} direction in the following
analysis.

Tp (s) Tp(s)
(a) Xp-direction (b) Y-direction

0.6

0471

R, (m)

02F

0

Tp (s)

(¢) Zp-direction

Figure 5.11: Characteristic values of crane tip motion for different T,
(Hs=2 m)

5.3.1.2 Extreme response analysis

To illustrate the effect of weather forecast uncertainty, Figure 5.12 gives
an example of extreme value distributions of the crane tip motion with
and without including weather forecast uncertainty. In this example, the
TSML method is used in the sea state forecasting and 17, is 3 hours. The
probability of exceedance of 1074 is considered.

The obvious difference between blue and black lines in Figure 5.12 indi-
cates that the uncertainty of sea state forecasts strongly affects the extreme
value distribution. Since the weather forecast uncertainty is included, the
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blue distribution is much more dispersed than the black one. Based on
these two distributions, characteristic values corresponding to an exceedance
probability of 10™* are evaluated respectively. By dividing them, the rele-
vant ar can be established.
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Figure 5.12: FExtreme response distributions with and without considering
weather forecast uncertainty (Hs=1m, T,,=7 s, TSML method, T1,=3 hours,
10~* exceedance probability)
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Figure 5.13: Extreme response distributions with and without considering
weather forecast uncertainty (Hs=1m, T,=7 s, TSML method, T;, =3 hours,
1072 exceedance probability)

Generally, the characteristic value is determined from the extreme value
distribution with a target exceedance probability, to ensure the safety of the
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design with an acceptable low probability of damage or collapse. The target
exceedance probability depends on the type of operation, the consequence
of failure, etc. During the blade installation, since large crane tip motion
may not lead to the operation failure, a larger probability of exceedance
(i.e., 1072) can also be considered as well as 10~% recommended in DNV
standard. Figure 5.13 shows the relevant results with the 1072 exceedance
probability under the same condition as shown in Figure 5.12.

Following the same procedure, Rr and Rp wr values regarding the
crane tip motion with exceedance probabilities of 104 and 1072 in differ-
ent sea states can be estimated. Results with 10™% exceedance probability
are presented in Tables 5.2 and 5.3 for illustration. The Rg wp values still
correspond to the TSML method with 77, of 3 hours.

Table 5.2: Rg values (m) of the crane tip motion (10~* exceedance proba-
bility)

H, (m) ; T, (s)

0.5 0.02 0.05 0.09 0.13 0.16 0.17
1 0.04 0.10 0.19 0.26 031 0.35
1.5 0.06 0.15 0.28 0.39 047 0.52
2 0.08 0.20 037 052 0.62 0.70
2.5 0.10 0.26 047 0.65 0.78 0.87
3 0.12 031 0.56 0.78 094 1.04
3.5 0.14 036 065 091 1.09 1.22
4 0.16 041 0.75 1.04 1.25 1.39

By comparison of results in Tables 5.2 and 5.3, it is visible that the
Rp wr values are generally larger than the corresponding Rg values when
forecast uncertainties in sea states are involved. The degree of this difference
reflects the effect of weather forecast uncertainty on the dynamic response.
Furthermore, characteristic values at other lead times can be calculated by
the same procedure. Similar analysis can also be performed with respect to
the forecasts by the PBML method.

Based on R and Rp wr values, corresponding ap factors can be cal-
culated. This will be summarized and further analyzed in Sec. 5.3.2.
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Table 5.3: Rp_wr values (m) of the crane tip motion (Tr,=3 hours, TSML
method, 10~* exceedance probability)

H, (m) Ty (s)
5 6 7 8 9 10

0.5 0.07 0.10 0.11 0.14 0.18 0.33
1 0.15 0.20 0.24 0.28 0.38 0.70
1.5 0.23 031 036 043 0.57 1.05
2 0.31 042 050 0.59 0.78 1.42
2.5 0.38 0.51 0.60 0.72 0.96 1.69
3 0.46 0.61 0.72 0.8 1.14 194
3.5 0.54 0.72 084 1.00 134 2.19
4 0.64 0.87 1.02 122 1.61 243

5.3.2 «agp for the crane tip motion

For the definition of the response-based alpha-factor, an ar of 1.0 presents
the sea state forecast is completely correct. The farther it is from one, the
greater the uncertainty implicit in the weather forecasts. Figures 5.14 and
5.15 show ag factors for the crane tip motion with exceedance probability of
10~*, using weather forecasts generated by the TSML and PBML methods,
respectively. To investigate the effect of T}, forecast uncertainty on ag, the
variations of ar with H, in different 7}, groups are plotted and displayed
by solid lines with different colors. Besides, subfigures (a) and (b) in each
figure show ap at the lead time of 3 hours and 24 hours respectively, to
explore the influence of the forecast horizon.

In addition to the apg, the a-factors, extracted from the DNV standard
[8], are plotted in figures for comparison. They correspond to the weather
forecast Level C and are based on the work performed in JIP [146] during
the years 2005 - 2007. According to the forecast horizon of the a-factors in
the DNV standard, only results with the lead time of 24 hours are plotted
in subfigures (b). Meanwhile, following the derivation process, a-factors are
also calculated using the produced weather forecasts by TSML or PBML
method, and are plotted in the corresponding figures. It should be noted
that regarding the a-factor, H,q, and Hpq wr are estimated from the
extreme wave height distributions during a given sea state reference period,
that is 3 hours in the case study. This implies that the difference between the
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Table 5.4: Properties of the correction factors

Factor aR a-factor 1 a-factor 2 a-factor 3
Forecast uncertainty in H v v v v
Forecast uncertainty in T, v
The effect of weather forecast v

uncertainty on dynamic response

Reference period to estimate

the characteristic value 10 min 3 hours 10 min 3 hours

F " thods TSML or TSML or TSML or DNV
orecastiig methods PBML PBML PBML standard

sea state reference period T and the operation duration 7'z is not taken into
account. For the sake of consistency, the a-factor generated by analyzing
maximum wave heights during 10 mins (i.e., the duration corresponds to
the mating operation) is calculated and displayed as well. The properties
of the considered correction factors are summarized in Table 5.4.

The response-based alpha-factor is a complex indicator and both the ex-
treme response of offshore structures and weather forecast uncertainty affect
its value. According to the above extreme response analysis, the character-
istic response of the crane tip motion increases significantly with increasing
H, and T,,. However, this effect is not equivalently reflected in the value of
ag. This is due to the fact that the ag is a ratio of the extreme responses
without and with the consideration of the weather forecast uncertainty for
a given sea state. Since a frequency-domain approach is applied for motion
analysis, the response of the system is approximately linear with respect to
wave height. As a result, ag does not change very much with H for a given
T,, as shown in Figures 5.14 and 5.15. By contrast, the ar varies greatly
among different 7}, groups. Nevertheless, the dependency of the ar on T,
is not necessary to be the same as that of the characteristic responses on
T,. As can be observed in Figure 5.11, for a given Hj, the characteristic
response increases as 1j, increases, while the ar does not. The greatly con-
tribution of the forecast uncertainty in 7}, to the ag might be the reason.
For instance, as illustrated in Figure 5.8, the forecast uncertainty in the T,
groups with 5-6 s is higher than that in other groups. This causes a large
difference between Ry and Rg ywr, and therefore making the ap factors
lower in these two groups, as shown in Figure 5.15.
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In general, a large difference of ag factors is observed in different 7},
groups with the same Hy, indicating that T}, is not a negligible variable in
marine operations using a floating crane vessel. However, uncertainty in T},
forecasts is not reflected in the widely used a-factor. For instance, for the
H, group of 0.5 m in Figure 5.14 (a), the a-factor 1 and a-factor 2 are 0.938
and 0.944 respectively, which are independent of 7},. By comparison, agr
varies from 0.27 to 0.95 considering forecast uncertainty of 7}, in different T,
groups. Furthermore, the a-factor is purely generated by analyzing weather
data without considering their effect on the operation response. Comparison
between subfigures (a) and (b) in the above two figures shows that although
the a-factor decreases with the forecast horizon, the influence of the weather
forecast uncertainty on the crane tip motion may not be clearly identified,
especially when the forecast horizon is long. This is because the dynamic
response is not totally proportional to Hy, and T}, is essential for operations
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based on floating structures. Therefore, uncertainty in 7, forecasts should
also be taken into account. Regarding the ap, it reflects the influence of
sea state forecast uncertainties on the dynamic response and a large lead
time induce a smaller correction factor. In addition, the quality of weather
forecasts is important to generate both the a-factor and the ag. Compared
to the PBML method, the TSML method makes the ag decrease more when
the lead time is extended to 24 hours. The comparison results related to
the three a-factors can also implicitly reflect the forecast performance of
machine learning-based methods and physics-based numerical methods to
a certain extent. However, it still needs to be emphasized that this is not a
strict comparison, because the conditions for generating the three a-factors
are not exactly the same.

5.3.3 Allowable sea states assessment

Regarding the allowable sea states assessment, Hg-based alpha-factor de-
rived by DNV can be used directly as a correction factor that is multiplied
with the actual H, limit of marine operations for decision-making when
weather forecast uncertainty is considered. This is done by comparing the
forecasted Hy with the new Hg limit with the alpha-factor. However, the
response-based alpha-factor derived in the thesis cannot be directly used in
combination with the forecasted values of H, and T}, for decision-making of
marine operations. This is because it is defined as a correction factor based
on the response parameter, not on the wave height or H;. Moreover, uncer-
tainties in both H, and T}, will play a role for the determination of the ag.
This is the drawback of using the response-based alpha-factor. However,
one can inversely identify the allowable sea states in which a safe marine
operation can be performed by comparing the extreme response with the
allowable limit of response. This can also be done when using the forecast
sea states and considering the forecast uncertainty. The procedure has been
illustrated in Sec. 4.6 and the allowable sea states in terms of the crane tip
motion are assessed in this section.

To assess the allowable sea states, the relevant allowable limit should be
pre-defined. It is normally estimated based on structural damage criteria
and reasonable assumptions. This is out of the scope of this thesis. In the
thesis, the allowable limits are simply assumed to be constant values. Fig-
ures 5.16 and 5.17 illustrate the allowable sea states in terms of the crane
tip motion with 10™% and 10~2 exceedance probability, and the correspond-
ing allowable limits are assumed to be 0.8 m and 0.4 m, respectively. For
each selected exceedance probability, results based on TSML and PBML
methods are separately provided.
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Figure 5.17: Allowable sea states of the crane tip motion (allowable
limit=0.4 m, 10~2 exceedance probability)

Similar to the description in Figure 4.2, the lines in Figures 5.16 and 5.17
represent the maximum allowable sea states, and all sea states below the
lines are feasible. The black solid line denotes allowable sea state limits that
does not include weather forecast uncertainty. The dash lines in different
colors are allowable sea states considering forecast uncertainties at different
lead times. It is visible that following the proposed method, allowable sea
states at different lead times can be generated, which is convenient to assist
decision-making during the execution of installation operation. The contour
lines in two figures reveal that the allowable sea states gradually decrease
as the forecast lead time increases. The sea state forecast uncertainties
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induced by the two methods (i.e., TSML and PBML methods) result in

different allowable sea states.

5.4 Blade root radial motion and velocity (TD)

In Sec. 5.3, a case study dealing with the motion response of the crane tip
under wave conditions is carried out. For the challenging blade installation,
in addition to wave loads, the nonlinear wind load acting on the blade is
also important and needs to be considered. Thus, time-domain simulation
is necessary to numerically model the actual installation process and assess
the dynamic responses of the blade during the installation. In this section,
the ar factor with respect to the blade root radial motion and velocity will
be derived on the basis of time-domain response analysis approach. The
corresponding allowable sea states are assessed with emphasis on taking
into account the uncertainty of weather forecasts by the PBML method.

5.4.1 Comparison between FD and TD analysis

The necessity of the response analysis in time domain (TD) is discussed and
illustrated in this part through a comparison with the method in frequency
domain (FD). Figure 5.18 shows the motion spectra of the crane tip under
a typical beam sea (Hs, =1 m and T}, =7 s).

As illustrated in Figure 5.18, in the beam sea condition, the crane tip
motion in Y}, direction is relatively large. The 1% order wave force dominant
the motions, since the peak frequency in the motion spectrum is similar to
the one of the wave spectrum. From a comparison with the results in FD
and TD, a good agreement can be observed in the wave-frequency part.
Nevertheless, the method in FD cannot capture the low frequency motions,
which makes its power spectral density different from that of the motion
obtained by the method in TD.

In Table 5.5, the advantages and disadvantages of the method in TD
and FD are briefly listed. As shown above, the time domain analysis can
capture the system motion which is subjected to wave loads more accurately
by including nonlinear effects such as 2"¢ order wave forces, lift wire ten-
sion formulation and geometrical nonlinearities for motion analysis. On the
other hand, the nonlinear aerodynamic loads on the blade and the strong
coupling between waves and wind are also important for the response of
the installation system. However, these cannot be directly included by the
method in FD. Therefore, although its computational efficiency is relatively
low, the time-domain modelling is necessary to simulate the whole blade
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Figure 5.18: Comparison of power spectra of crane tip motion using FD and
TD methods (Hy =1 m, T, =7 s)

installation process and perform dynamic response analysis.

5.4.2 Sensitivity analysis of wind loads

To establish the conditional distribution of the extreme response with a
given sea state, the time domain simulation has to be repeated many times
with different wave seeds. As a consequence, it is time-consuming compared
with the simulation in frequency domain. Moreover, different combinations
of wind and wave conditions should be considered. Given that under each
combination multiple simulations are required, the computational cost of
extreme response analysis will be heavily increased. To decrease the cost in
TD, a sensitivity study on wind loads will be carried out.

In the sensitivity study, a constant H, value of 2 m is applied, and 7},
is selected as the mean value of the conditional distribution of 7}, with the
given Hg value, which is 7.5 s. The distribution is modelled as a Lognormal
distribution, in which the Lognormal parameters are fitted using long-term
time series of metocean variables at the North Sea center. Likewise, the joint
distribution of U,,, H, and T}, is fitted by data based on a simplified method
proposed by Li et al. [209]. The joint distribution is used to determine the
mean wind speed distribution with the given sea state. From the mean wind
speed distribution, five typical U,, values (i.e., 1.9 m/s, 3.6 m/s, 5.3 m/s,
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Table 5.5: Properties of TD and FD response analysis methods for blade
installation

Response analysis methods Time domain Frequency domain

Can simulate the whole blade
installation process.
Various terms can be included:
Advantage - 274 order wave forces High computational efficiency
- Wind loads
- Viscous loads

- Nonlinear structural response

Only includes the 1%¢ order
Disadvantage Low computational efficiency wave loads and the linear

motion response

The actual blade root motion

and velocity can be simulated,

Properties of the The crane tip motion is referred
) which are directly related to the
modelling of blade to, not the blade motion
operational criteria for installing
blade

7 m/s, 8.7 m/s) are selected to conduct the sensitivity study. It should be
noted that the mean wind speed in the joint distribution is at the height of
10 m above the mean sea level. For the offshore wind turbine installation,
the mean wind speed at the hub height is required and it can be calculated
using a power law profile shown in Eq. (5.7).

o
U(z) = Uo - (%) Y (5.7)
where z represents the hub height, that is 119 m of the DTU 10MW wind
turbine. Ujg is the mean wind speed at the reference height of 10 m. oy
is the power law exponent which is set to 0.14, based on IEC 61400-3 [210]
for offshore wind field.

According to Eq. (5.7), Uy, values at the hub height are obtained as 2.7
m/s, 5.1 m/s, 7.5m/s, 9.9 m/s and 12.3 m/s. For each U,, the 3D turbulent
wind field is generated by TurbSim [211] using the IEC Kaimal model [212],
and the turbulence intensity is defined as the class C. The wind load is
incorporated into SIMA using DLL to simulate the blade installation in
time domain. After simulations, the power spectra and standard deviation
of the blade COG motion in 6 DOFs with different wind fields are shown in
Figures 5.19 and 5.20, respectively. According to blade COG motion, the
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Figure 5.19: Power spectra of blade COG motion with different wind fields
(Hs=2 m, T,=7.5s)

radial motion of the blade root can be obtained. The power spectra and
standard deviations of the blade root radial motion are shown in Figure
5.21.

From Figures 5.19 and 5.20, it is visible that the surge, heave and pitch
motions of the blade COG are almost irrelevant with the wind in the beam
wind and wave condition, and the wave-induced motion is the main source
of the blade motion in these 3 DOFs. By comparison, both aerodynamic
loads and wave-induced motion contribute to the blade motion in sway,
roll and yaw. Among them, the aerodynamic loads have significant effects
on the blade roll motion and an obvious increase of the peak roll motion
can be observed as the mean wind speed increases. Nevertheless, regarding
radial motion of the blade root, it does not vary greatly under different
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Figure 5.20: Standard deviations of blade COG motion with different wind
fields (Hy=2 m, T,=7.5 s)

wind conditions. Figure 5.21 illustrates that the wave loads have a major
contribution on the blade root radial motion while the aerodynamic loads
have relatively less contributions.
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Figure 5.21: Comparison of blade root radial motions with different wind
fields (Hs=2m, T,=7.5s)

Overall, the sensitivity study demonstrates that the wave load dominates
over the wind load. To illustrate the proposed methodology, the mean wind
speed is simply selected as a constant value (8 m/s at 10 m height) in the case
study, and the effect of different wind conditions on the blade installation
is not considered in this thesis.

5.4.3 Extreme response analysis

Unlike the extreme response analysis based on response spectra in frequency
domain, the extreme value distribution in time domain needs to be fitted
using maxima values extracted from the response time series. Figure 5.22
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shows a typical example of the extreme distribution of the blade root radial
motion under a given sea state (Hs=2 m and T,=5 s). To reduce statistical
uncertainty in the tail of the fitted distribution, 50 10-min time-domain sim-
ulations are carried out with random wave seeds. The Gumbel distribution
is utilized to fit the extracted 10-min extreme responses.

Under this sea state, the parameters (i.e., the location parameter v and
scale parameter (3) of the Gumbel distribution are estimated by the maxi-
mum likelihood estimations (MLEs) method. Results shown in Figure 5.22
(a) indicate that the Gumbel distribution has a good performance to capture
the extreme radial motion of the blade root. The characteristic value can
therefore be obtained based on the distribution with a certain exceedance
probability, as shown in Figure 5.22 (b). In the mating phase of the blade
installation, a small exceedance probability (i.e., 10~%) is considered since
larger radial motion and velocity of the blade root may lead to the failure
of installation.
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Figure 5.22: Extreme value distribution estimation of the blade root radial
motion (Hs =2 m and T, =5 s)

5.4.3.1 Statistical uncertainty

In the above extreme response analysis, only a limited number of simulations
(i.e., 50 10-min) are conducted to estimate the characteristic values. The
statistical uncertainty may exist when evaluating extreme responses. In this
subsection, the accuracy of the estimated extreme values due to a limited
number of simulations is addressed.

In Figure 5.23, the extreme distribution of the blade root radial motion
under the given sea state (Hs=2 m and T,=5 s) is further fitted, using
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1000 simulations with different wave seeds. Based on the distribution, char-
acteristic values with two exceedance probability levels, namely 1072 and
10~*, are estimated and displayed. For the 1072 level, 1000 simulations can
be considered as a reasonable choice, and the corresponding characteristic
value is regarded as an accurate estimation for extreme responses. In this
sensitivity study, the characteristic value with 10~* level shown in Figure
5.23 is also taken as the reference value for the extreme response. Compar-
ison between Figures 5.22 and 5.23 shows that there is a slight difference in
the characteristic value estimated by different numbers of simulations.
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Figure 5.23: Fitted extreme distribution of the blade root radial motion
(1000 simulations, Hy=2 m, T,=5 s)

To investigate the effect of simulation numbers in the extreme response
analysis, Figure 5.24 shows variation of the characteristic values of the blade
root radial motion with different simulation numbers. Results for the ex-
ceedance probability of 1072 and 10~ are displayed in subfigure (a) and
(b) separately.

It is visible that the number of simulations can affect the determination
of fitting parameters for the Gumbel distribution, and thereby affect the
estimation of the characteristic values. This phenomenon is especially ob-
vious when the simulation number is less than 40. Compared with the case
based on 1000 simulations, large uncertainty exists when only 5 simulations
are used for the extreme response estimation. As expected, the statistical
uncertainty decreases as the number of simulations increases. When the
number of simulations is greater than 40, there is no significant difference
in the results among different cases. Therefore, taking into account the
computational efficiency, the number of simulations is selected as 50, which
can give a reasonably good estimation of the characteristic response value.
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Figure 5.24: Variation of the characteristic with the number of simulations
(Hs=2m, T,=5s)

Moreover, the statistical uncertainty of the extreme response assessed
by a fixed number of simulations (i.e., 50) is illustrated in Figure 5.25. In
the figure, 10 sets of 50 time-domain simulations are selected randomly from
1000 simulations, and the extreme value in each set is estimated individually.
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Figure 5.25: Variation of the characteristic values in different sets (Hs=2
m, Tpy=5s)

It can be found that the variation in characteristic values between dif-
ferent sets is small, further implying that 50 is a reasonable number for
time-domain simulations under a given sea state. Furthermore, coefficient
of variation (CoV), that is defined as Eq. (5.8) in terms of the mean value
(ury) and standard deviation (og,) of characteristic values, is applied to
measure the related statistical uncertainty. It is calculated based on 20 sets
of 50 time-domain simulations and the relevant results are summarized in
Table 5.6. The results show low statistical uncertainty, since small CoV
values corresponding to 1072 and 10™* exceedance probability levels (i.e.,
4% and 6%) are observed.

Cov = HBs (5.8)

ORp
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Table 5.6: Statistical uncertainty in extreme response estimation (Hs=2 m,
T,=5s)

Exceedance probability ur, or, CoV
10~2 0.43 0.02 0.04
10~4 0.60 0.03 0.06

Overall, the fitted distribution with 50 simulations for a sea state can
give an overall good estimation of the extreme value and the statistical
uncertainty is low. Therefore, the extreme responses of both the blade root
radial motion and velocity in this thesis are assessed based on 50 time-
domain simulations for each sea state.

5.4.3.2 Characteristic response values

By carrying out the extreme response analysis in TD, the Rg values of the
blade root radial motion and velocity under different typical sea states are
calculated and summarized in Tables 5.7 and 5.8, respectively.

As displayed in Tables 5.7 and 5.8, Rgys and Rgy increase significantly
with Hg and T},. This indicates that both H, and T, are important for
assessing the dynamic responses of the blade and need to be considered
before executing the blade installation. As aforementioned, the Gumbel
parameters are functions of Hy and T),. Figures 5.26 and 5.27 present the
fitting surfaces of Gumbel parameters for extreme radial motion and velocity
of the blade root, respectively.
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Figure 5.26: Fitting surface of Gumbel parameters as a function of Hs and
T, (blade root radial motion)
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Table 5.7: R values (m) of the blade root radial motion (Rgpr)

Tp (s)
Hs (m)

5 6 7 8 9 10

0.5 0.20 0.27 0.37 042 047 0.54
1 0.23 0.46 0.60 0.80 0.88 1.03
1.5 0.36 0.71 096 1.26 142 1.55
2 0.61 1.03 1.41 176 2.02 2.16
2.5 093 144 195 235 275 2.86
3 1.30 1.93 2.62 3.06 3.64 3.68
3.5 1.72 253 337 390 4.62 4.56
4 220 3.18 4.21 4.87 5.68 5.46

Table 5.8: R values (m)

of the blade root radial velocity (Rgy )

Tp (s)

Hs (m)
5 6 7 8 9 10
05 013 018 025 027 031 033
1 022 036 047 058 061 0.64
15 032 053 070 088 092 0.96
2 043 070 092 1.9 122 129
25 054 088 116 1505 1.53 1.62
3 066 106 140 1.82 1.84 1.94
35 078 124 166 215 217 228
4 090 143 192 248 249 263
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Figure 5.27: Fitting surface of Gumbel parameters as a function of Hs and
T, (blade root radial velocity)

In Figures 5.26 and 5.27, the blue points are Gumbel parameters fitted by
the simulated response time series under typical sea states. They are utilized
to evaluate the characteristic values without weather forecast uncertainty,
i.e., Rpin Eq. (4.34). Based on these blue points, the surfaces of v and j for
different sea states are fitted by the piecewise cubic interpolation method
[213] in Matlab. These surfaces are necessary to integrate the marginal
distribution of the extreme response expressed in Eq. (4.36). Accordingly,
the characteristic values Rg jyr can be calculated, accounting for weather
forecast uncertainty by Eq. (4.37).

5.4.4 «p for the final blade mating phase

Based on characteristic values of each limiting response parameter with and
without weather forecast uncertainty, the response-based alpha-factors of
the blade root radial motion (agrpys) and velocity (agry) can be estimated.
Relevant results will be summarized and discussed in this section.

5.4.4.1 Blade root radial motion

Figure 5.28 shows an example of the apps, associated with weather forecast
uncertainty of the PBML method with a lead time of 3 hours. It is clearly
that the apys varies with sea states. Since the blade installation normally
requires low sea states, Figure 5.29 further presents the variation of arys
for different T}, and 77, focusing on the results in H, ranging from 0.5 m to
2.0 m.

From Figure 5.29, it can be found that the aprj; does not change sig-
nificantly with the lead time, due to the good forecast performance of the
PBML method on sea state forecasting. In contrast, by comparing agps in
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different subfigures, a significant effect of forecast uncertainty in 7}, is ob-
served. Moreover, the effect of Hg can be found by comparing agrys factors
at each lead time for each subfigure. As shown, the apps varies with Hy,
but the variation also depends on conditions of T}, and T7,.
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Figure 5.28: apy with a lead time of 3 hours
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5.4.4.2 Blade root radial velocity

A similar analysis is conducted on the agry. agy with different H,, T, and
Ty, are presented in Figure 5.30. Likewise, only results in Hy groups between
0.5 m and 2.0 m are displayed.
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Figure 5.30: Variation of agy with lead times in different T}, groups

From Figure 5.30, the influence of T}, on the ary can be clearly found.
For all lead times and H, groups, agy are in the range of 0.16 to 0.52 for the
T, group of 5 s, and 0.52 to 0.99 for other T}, groups. By comparing Figures
5.29 and 5.30, it is noted that the variation observed in apy is different
from that observed in agps. This reflects the characteristics of ag, that is,
it is specific to the operations and associated limiting response parameters.

Overall, results demonstrate that for the blade installation using a float-
ing crane vessel, uncertainty in 7}, forecasts is important and should not
be neglected. Unlike the conventional alpha-factor that only relies on the
uncertainty in H,, ag reflects forecast uncertainties in both H, and T}, to
guide marine operations.

5.4.5 Allowable sea state assessment

The allowable sea states are finally assessed through a comparison between
the R wr (adjusted by the ar) and the corresponding allowable limits. Al-
lowable sea states associated with the blade root radial motion and velocity
are shown in the following separately. For the blade root radial motion,
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the allowable limit is defined as the gap between the hub radius and the
blade root radius during the mating phase. Figure 5.31 shows a sensitivity
study on the allowable limit, in which 0.5R,c0t, 0.3Rr00t and 0.2R;o0 are
selected as the allowable limit, where R, is the radius of blade root which
is 2.69 m. For the blade root radial velocity, the allowable limit is normally
related to the plastic bending in the guide pins. A reference velocity (0.7
m/s) proposed by Verma et al. [214] is applied as the allowable limit of the
blade root radial velocity. Correspondingly, Figure 5.32 shows the allowable
sea states using the blade root radial velocity as criterion. Both the allow-
able sea states with (dash lines) and without (solid lines) weather forecast
uncertainty are presented at different lead times.
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Figure 5.31: Allowable sea states of the blade root radial motion

As displayed in Figures 5.31 and 5.32, the allowable sea state is sig-
nificantly affected by the sea state forecast uncertainty, since an obvious
discrepancy between the solid line and dash lines can be observed. Un-
certainty in sea state forecasts decreases the allowable sea state, especially
in the range of short 7),. Moreover, the comparison among the dash lines
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in each figure indicates that the forecast horizon is another important pa-
rameter for determining the allowable sea states when the weather forecast
uncertainty is taken into account. As expected, the allowable sea states
gradually decrease with the forecast lead time 717 increases. This is rea-
sonable since when the forecast lead time increases, the weather forecast
becomes more uncertain, which reduces the ag and therefore makes the al-
lowable sea states more conservative. For instance, in Figure 5.31 (a), when
T, is 5 s, allowable H, without forecast uncertainty is about 2 m, while
allowable H, with lead times of 3 and 24 hours are about 1.9 m and 1.3 m,
respectively. In addition, the importance of the pre-determined allowable
limit is also illustrated in Figure 5.31. The comparison among the three ex-
amples shows that small allowable limit requires a more accurate operation,
and therefore, the allowable sea states will be reduced by high performance
requirement.
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Figure 5.32: Allowable sea states of the blade root radial velocity

Furthermore, the workable weather windows for offshore blade installa-
tion can be identified by comparing the allowable sea states with weather
forecasts. It is noted that if the operation is controlled by more than one
limiting response parameter, identification of workable weather windows is
relatively complicated. Regarding the final mating phase, the blade root
radial motion and velocity should be considered simultaneously, and the
overall weather window should be identified and selected considering the
two corresponding windows. This also depends on the values of allowable
limits. For instance, if the allowable limit of the blade root radial motion
is selected as 0.5R,,0t (see Figure 5.31 (a)), the allowable sea states re-
lated to the blade root radial velocity are lower than those related to the
blade root radial motion at every lead time. As a consequence, the overall
workable weather window is decided by the blade root radial velocity. In
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contrast, if the allowable limit of the blade root radial motion is 0.2R, o0t
(see Figure 5.31 (c)), the corresponding weather windows will be shorter
than that for the blade root radial velocity. In this case, the weather win-
dow for the blade root radial motion decide the overall workable weather
windows. However, when the allowable limit of the blade root radial mo-
tion is 0.3 R0t (see Figure 5.31 (b)), two weather windows should be taken
into account simultaneously. Specifically, it is necessary to identify weather
windows separately for each limiting parameter, and the overlap part will
be the reference for the selection of overall workable weather windows.



Chapter 6

Conclusions and
recommendations for future
work

This thesis addresses the effect of weather forecast uncertainty on marine op-
erations. First, different machine learning-based methods are developed for
multi-step-ahead wave forecasting. Based on the wave forecasts, the forecast
uncertainty quantification for different methods is carried out. A method-
ology for assessing allowable sea states of marine operations is subsequently
proposed by means of a combination of the uncertainty quantification of
weather forecasts and the dynamic response analysis of the operation. The
methodology is used for the single blade installation of offshore wind tur-
bines, with an aim to establish its allowable sea states considering weather
forecast uncertainty. It should be emphasized that the methodology is a
general process that can be used for other marine operations. The main
conclusions, original contributions and recommendations for future work
are presented in this final chapter.

6.1 Conclusions

The main conclusions of the thesis are summarized as follows:

» One-day-ahead forecasting of wave conditions was carried out by us-
ing time series-based machine learning (TSML) methods. Various
TSML methods consisting of different combinations of pre-processing
techniques, data-driven models and multi-step-ahead strategies are
developed. Forecast uncertainty of different TSML methods is quan-
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tified and compared. The results indicated that it is feasible to apply
machine learning to forecast wave conditions. Typically, the TSML
method can effectively produce accurate forecasts with short lead
times. Nevertheless, all TSML methods are dependent on time se-
ries analysis, and an essential problem was encountered, that is, the
forecast uncertainty would increase with the forecast horizon. This
issue is difficult to be solved by changing data-driven models or devel-
oping more complicated TSML methods.

A new machine learning-based forecasting method, called the physics-
based machine learning (PBML) method was proposed to make multi-
step-ahead forecasting of wave conditions. The method combines the
physics-based wave model with machine learning technique. Specifi-
cally, it takes physical background into account by applying the pri-
mary inputs (i.e., initial wave boundary conditions and the future wind
forcing) in physics-based wave models to design the model structure.
Meanwhile, a machine learning algorithm is adopted to learn model.
The results revealed that the PBML method can provide accurate one-
day-ahead wave forecasts in a small domain. Compared with widely
used physics-based wave models, high computational efficiency is its
primary advantage.

A new response-based correction factor, called the response-based
alpha-factor ag was proposed. It is used to reflect the effect of the
weather forecast uncertainty on dynamic responses of the system used
in operations. The ap is defined as a ratio between the characteristic
values of the operational limiting response parameter in the condition
with and without considering the weather forecast uncertainty. It de-
pends on the type and duration of marine operations, characteristics of
dynamic system, weather forecasting method, forecast lead time, etc.
To derive the ar, the critical events and related limiting response pa-
rameters of an operation should be identified first. Dynamic responses
of the limiting parameter are assessed by means of frequency- or time-
domain response analysis approach that depends on the properties of
the operation. Meanwhile, the weather forecast uncertainty quantifi-
cation is performed by statistically analyzing forecast error ratios in
terms of the range of sea states and forecast lead times. Based on
the probabilistic assessment of dynamic responses with and without
the uncertainty quantification result of weather forecasts, the ar can
therefore be established for different sea state forecast scenarios.

* A methodology for assessing the allowable sea states of marine oper-
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ations was developed, with emphasis on accounting for the effect of
weather forecast uncertainty. It includes the establishment of the ag
for a specific operation and the assessment of allowable sea states. Af-
ter the ag factors of the limiting response parameter for an operation
are established, they are used to adjust the corresponding character-
istic response values to make the operational limit more conservative.
The allowable sea states are then assessed by comparing the adjusted
characteristic values with corresponding allowable limits. This proce-
dure is meaningful because the allowable sea states can be compared
with weather forecasts in the execution phase to identify workable
weather windows and further support operation decision-making.

e The proposed methodology was applied to assess the allowable sea
states for single blade installation of offshore wind turbines. The crane
tip motion and the blade root radial motion and velocity are regarded
as the limiting response parameters for the installation process, to il-
lustrate the methodology based on response analysis in frequency- and
time-domain, respectively. When the blade installation is performed
with a semi-submersible crane vessel, it was found that in addition to
the forecast uncertainty of H,, that of T}, is also critical and needs to
be considered during the operation. Compared to the a-factor, the ag
takes sea state forecast uncertainties into account more comprehensive
and reflects their effect on the system dynamic response. In addition,
the quality of weather forecasts has a significant effect on the gener-
ation of the ap. Comparison results of allowable sea states with and
without weather forecast uncertainty demonstrated that weather fore-
cast uncertainty plays an important role on the allowable sea states
assessment. If the weather forecast uncertainty is not considered, the
allowable sea states may be greatly over-estimated. As the forecast
lead time increases, the allowable sea states gradually decrease.

6.2 Original contributions

The original contributions of the thesis are summarized below.

e Evaluation and comparison of the forecast performance of
different TSML methods
An uncertainty quantification analysis was carried out to evaluate and
compare the forecast performance of 11 different TSML methods for
multi-step-ahead wave forecasting. The comparison provides a refer-
ence for applying machine learning algorithms in weather forecast.



144

144

* Development of a new forecasting method for wave forecast-

ing

The physics-based machine learning (PBML) method is able to make
use of the advantages of both physics-based wave models and machine
learning algorithms. Due to the high forecast performance and low
computational cost, the PBML method can be conceived as an effi-
cient tool for the multi-step-ahead forecasting of wave conditions at
least in a small domain, and thus has great potential to be applied for
marine operations.

Development of a general methodology for assessing allow-
able sea states of marine operations

The methodology consists of quantification of weather forecast un-
certainty, statistical analysis of dynamic responses of coupled system
for marine operations and allowable sea states assessment by means
of response-based criteria. It is able to provide an efficient way to
investigate the effect of sea state forecast uncertainties on marine op-
erations and assess their allowable sea states. The obtained allowable
sea states can provide a good reference for the decision-making of the
operation in the execution phase.

Establishment of the apr factor for the single blade installa-
tion

The ap factors with respect to the crane tip motion, blade root radial
motion and velocity during the installation of offshore wind turbine
blade were established separately in terms of sea state scenarios and
forecast lead times. They are able to adjust corresponding character-
istic responses for the blade installation by a semi-submersible crane
vessel.

Assessment of allowable sea states for the blade installation
of offshore wind turbines

Using the proposed methodology, the allowable sea states accounting
for sea state forecast uncertainty regarding the final mating phase
of the blade installation were assessed. The assessed allowable sea
states are useful for executing the mating operation. By comparing the
allowable sea states with weather forecasts, workable weather windows
can be identified, which is important to ensure the safety and cost-
efficiency of the installation.



6.3. Limitations and recommendations for future work 145

6.3 Limitations and recommendations for future
work

o Validation of the machine learning-based forecasting methods via com-
parison with measurements
In the thesis, performance of the forecasting methods was validated
by hindcast data. In practice, hindcast data may also have certain
uncertainty. Thus, it is recommended to quantify the forecast uncer-
tainty based on the comparison between forecasts and measurements.
Moreover, the forecasting models developed in the thesis were based
on hindcast data. If long-term measurements are available at the loca-
tion of interest, they can be used to establish machine learning-based
forecasting models.

o Further development of the PBML method for T, forecasting

The uncertainty of the PBML method for T), forecasting is relatively
higher than that for Hg due to the lower implicit relationships be-
tween the utilized input-output combination. For future works, more
relevant factors can be involved in the 7}, forecasting model to im-
prove its forecast accuracy, such as wave directions, speeds and the
distance from the position of the input to output. Moreover, feature
selection techniques can also be adopted to further select and weight
the relevant factors.

e Development of the PBML method to forecast wind conditions
With regard to forecasting of wave conditions by the PBML method,
the forecasted wind speeds and directions are required as inputs. It
is therefore important to generate accurate wind forecasts. Future
work can focus on development the related PBML method for wind
forecasting.

o Further comprehensive studies on the allowable sea states assessment
for the blade installation
Regarding the blade installation of offshore wind turbines, only the
beam sea condition is considered in the case study. In addition, the
variation of wind fields are not considered due to the marginal effects
of wind conditions on the installation system. In order to get more
reliably ap and further assess the allowable sea states for offshore
blade installation with higher accuracy, more comprehensive studies
can be carried out in future works.

e Further subdivide sea states into wind-generated sea and swell, and
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constider their uncertainty on marine operations

In the thesis, wind-generated sea and swell are forecasted by means
of the PBML method separately, to investigate the reasons for the
larger forecast uncertainty in 7). In practice, both wind-generated
and swell components are essential to plan and execute marine opera-
tions. Thus, it is meaningful to investigate their forecast uncertainties
separately in the proposed methodology for assessment of allowable
sea states.

Extension of the methodology for allowable sea states assessment for
other marine operations

In the thesis, only a case study focusing on the offshore blade instal-
lation was carried out. To further investigate the feasibility of the
methodology, it can be used in other marine operations for allowable
sea states assessment considering the effect of weather forecast uncer-
tainty.
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A.1. Time series plot 171

Hindcast data of Hy, T), and U,,, extracted from the CERA-20C database
from 2001 to 2009, are used for the data analysis.

A.1 Time series plot

Time series of H, T}, and U,, (one year three-hourly data) are presented in
Figure A.1. The long-term time series provides an overview of the environ-
ment at the selected offshore site and three phenomena are found:

e There is no obvious trend exists in time series.
e There is a certain degree of seasonality.

* Due to characteristics of T}, (i.e., dominated by wind-generated waves
or swells), its time series is not continuous.

A.2 Auto-correlation coefficient

The auto-correlation coefficient of the metocean variables is further calcu-
lated, to understand how well the future data can be affected from knowl-
edge of the past data. The definition of the auto-correlation coefficient of
a variable X is expressed in Eq. (A.l), in which COV (X}, X¢y,) is the
auto-covariance of X with the lag time 7. pxx is in the range of [-1, 1],
that provides a measure of the strength of statistical dependence.

COV (X, Xoir
pxx(1) = (05 ttr) (A1)
X

The auto-correlation coefficients of Hy, T}, and U,, are displayed in Figure
A.2. They are functions of the lag time (i.e., time interval between two
data). All time series exhibit a strong temporal serial correlation. As shown
in the figure, auto-correlation coefficients for small time intervals tend to be
large for all three metocean variables, and they decrease rapidly as the time
interval increases. Afterwards, they will not change greatly with the interval
but remain at small values. As displayed, auto-correlation coefficients are
more than 0.8 for H,, T, and U, when the time interval is less than 9
hours. In contrast, as the time interval increases to one day, auto-correlation
coefficients become lower than 0.6, 0.5 and 0.4, respectively.
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A.2. Auto-correlation coefficient
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H_ Correlation coefficient

Figure A.2: Auto-correlation coefficient
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The properties of auto-correlations depend to some extent on the season.
Figures A.3 and A.4 show the results in summer (June to August) and
winter (December to February), respectively. Compared with the results
shown in Figure A.2, the auto-correlation coefficients decay to zero faster,
but the difference is not obvious when the time interval is small. Overall,
one metocean data in the time series has relatively high correlation with its
2 to b previous data, showing a certain degree of predictability.
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Figure A.4: Auto-correlation coefficient of metocean variables (winter)

A.3 Cross-correlation coefficient

In addition to analyzing auto-correlations in the time series of a single vari-
able, it is also necessary to measure the relationship between different vari-
ables. Figure A.5 shows scatter plots of environmental variables. The color
gives the probability of occurrence.

In general, positive relationships can be found between waves and wind.
Among three subfigures in Figure A.5, the relationship between Hg and U,
is strongest (Figure A.5 (a)), while the relationships for other two cases are
relatively low. To some extent, the figure indicates that wind conditions can
be regarded as important input information for forecasting wave conditions.
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Figure A.5: Scatter plots of metocean data

Then cross-correlation coefficients are calculated between two variables,
to measure their statistical relationship. The definition of the cross-correlation
coefficient between variables X and Y is expressed as Eq. (A.2). Likewise,
pxy always ranges from -1 to 1. A value of 1 implies that a linear relation-
ship while 0 implies that there is no linear correlation between two values.
By checking pxy for two metocean variables, what extent one variable can
be used to determine the other variable can be revealed.

COV(Xt7 Y;H-T)
oxX0y
where COV (X4, Yiq,) is the covariance of X and Y.
In view of a strong relationship between Hg and U, is observed in Figure
A.5, the cross-correlation coefficient of Hy against Uy, is displayed in Figure

A.6. Obviously, the maximum value occurs at the time interval is zero, that
is nearly 0.9, indicating that Hj has the greatest correlation with U, at

pxy(T) = (A.2)
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the same time. Likewise, cross-correlations would also decrease as the time
interval increases.
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Figure A.6: Cross-correlation coefficient of Hy against Uy,

Predictability

After checking correlations in time series, the amount of predictability in
metocean data is measured according to the method proposed by Hull [215].
He defined a forecasting efficiency E in terms of the correlation coefficient
p, showing the degree to which the past data can determine the future data.
The E is expressed in Eq. (A.3) and illustrated in Figure A.7.

Forecasting efficiency
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Figure A.7: Relation between the coefficient of correlation and forecasting
efficiency [216]

For instance, with reference to Figures A.2 (a) and A.7, the probability
of correct prediction using Hy(t — 1) to forecast H(t) is about 65%. This
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indicates that there is a certain short-term predictability in waves, using the
most recent data of a wave variable to forecast its future value. By means of
the same method, how well the future H; can be forecasted from knowledge
of U, can be studied based on the results shown in Figure A.6. By calcula-
tion, it is found that when using U, (t) to forecast H(t), the probability of
correct prediction is about 56%. However, it must be emphasized that the
forecast is still difficult if one wants to forecast environmental conditions for
a long horizon, since the predictability would decrease significantly with in-
creasing the time interval between data. For instance, when using H(t — 8)
to forecast H,(t), the probability of correct prediction is only about 20%.
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Appendix B

Forecasted and actual time
series based on
decomposition-ANFIS
method
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Forecasted time series of Uy, Hs and T, during the testing period are
presented in Figures B.1 to B.3, respectively. The actual and forecasted
data are represented by black and red lines. In each figure, subfigures (a)
and (b) depict the results that are based on the M-1 and M-1 slope models,
and (c) depicts the results that are based on the M-N model.
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