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Abstract

Developing nations need to build their economies in order to reach the millennium goals of the world.
Energy is an essential resource for economic development but the conventional fuel at present is not
a sustainable energy source. Thus, these countries must seek for renewable energy sources so that
they can develop in a sustainable manner. Wind energy is found to be a potential source for power
generation especially, the offshore locations. There are many developing countries in the low-latitude
areas that have open waters close to them. So, offshore wind energy may be a possible source for
power but there are limited data available to make a reliable wind resource assessment (WRA). This
study aims to develop a wind characterisation method that can be useful for coastal and small island
areas with no or few in-situ wind observations. The study area is focused in Palawan Province of the
Philippines because it has similar characteristics as small island nations and coastal areas in the low-
latitude regions. The research found that numerical weather prediction is an alternative for in-situ
wind measurements for WRA. A technique that involves coupling mesoscale model to microscale
model is employed in this work in order to produce wind maps. The results found that a combination
of mesoscale model and microscale model can be a good method for wind profiling areas without or
few wind observations. The mesoscale model is deemed sufficient for open water areas while coastal
areas are better represented by microscale models especially the low wind speed conditions.
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1 INTRODUCTION

Many nations in the world, especially developing countries, are dependent on fossil fuels as the
primary source for energy [1,2]. Some of these nations are located within the subtropical and tropical
band which is the low latitude region of the world [3]. Market price volatility for fossil fuels pose an
adverse impact to economies so, renewable energy is a solution to attain energy independence for
many low latitude countries [4]. A renewable energy source, like wind, can supplant the extensive
usage of costly and non-sustainable fossil fuels [1]. Winds over oceans and seas are much more stable
and possess higher and more regular speeds in comparison with those over land [5]. This energy
resource is immense for the entire world [6]. Development for offshore wind turbines began in Europe
with pilot projects starting in 1991 with a prototype deployment in Denmark [5,7]. Significant strides
have been made since that initial offshore wind farm, so that the total capacity in Europe reached
3,294 MW by the middle of 2011 [8]. Successful projects in the North Sea made offshore wind energy
be viewed as one potential power source that can help address the increasing demand for energy
across the globe. Although the power generation potential for offshore wind is promising, the
investments required are expensive and deemed to be risky [9], therefore, a thorough wind resource
assessment (WRA) is required to enable strategic planning prior to the wind energy project
commencement [10,11]. There are different WRA techniques classified as preliminary area
identification, area wind resource evaluation, and micrositing [12]. Each of these classifications are
generally analyzed in terms of short or long periods time scales through statistical methods [13]. The
breadth of available approaches in undertaking WRA is wide and it is essential to seek the appropriate
method for the conditions in low latitude regions. Accurate and sufficient WRA data can help decision

makers to determine the suitable locations for offshore wind farm development [14].

This study focuses on the Philippines which is a country situated in the low latitude region of the
world. Wind resource in offshore locations have greater available energy for exploitation in
comparison with sites found on land [15]. It is this potential that research on offshore wind energy are
being undertaken in different parts of the world. The Philippines has the potential to generate power
from offshore wind but a thorough wind resource assessment (WRA) must be made for wind energy
prospecting [16]. WRA is essential for any wind energy development in order to minimise risks in
investments [11]. This study aims to use numerical weather prediction (NWP) method in making a
WRA for offshore regions around Palawan Island, Philippines. Results of the study demonstrate how
NWP can be used for offshore WRA on the different islands in the country as well as low latitude
regions. This will help in guiding offshore wind projects in the Philippines for the stakeholders on wind

energy.
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1.1 Research Motives and Problem Statement

Vulnerability to fossil fuel prices and dependence on such fuels necessitates developing
countries and smallisland nations in the low latitudes to foster their locally available renewable energy
sources. There are vast bodies of water in this region that may have high wind energy potential thus,
offshore wind energy can be a viable option for local power generation in these locations. However,
offshore wind farm projects are significantly costly in terms of capital investment, on-site
measurements for wind resource assessment (WRA), operations, and maintenance [17]. Therefore, a
meticulous WRA must be made before considering any offshore wind project to avoid unnecessary

costs and failures.

This study focuses on the Philippines as it is a developing nation in the low latitude area of the
world and itis an archipelago. Due to the Philippines’ need to power its numerous islands with minimal
environmental impact, offshore wind energy is a promising sustainable energy resource for the
country. Presently, there are limited offshore wind observations in the country with available data
insufficient for determining the wind potential over its waters. Alternatively, using numerical wind
prediction, an initial offshore wind resource assessment can be carried out. Thus, the question that

this study aims to answer is:

How can wind assessment be done for offshore locations with limited wind profile data and

topography data?

1.2 Aim of the Study

The research aims to develop an offshore wind resource assessment method that is suitable
for low latitudes and small islands in order to aid in decision-making for siting wind farms over coastal

and open waters.

The aim will be achieved via the following objectives:

O1: Investigate state of the art in offshore WRA method

02: Determine the applicable WRA for locations with limited wind data availability

03: Adapt and modify the WRA method according to the physical dynamics and topography of the
Philippines

04: Produce a high resolution wind field map to identify areas with wind power generation potential

over the surrounding waters of an island
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1.3 Research Gaps

Most of the developments for offshore wind power generation have been at the mid or high
latitudes. It is found that research on offshore wind energy in the low latitudes have been on
preliminary WRA that involved coarse spatial resolution wind data analysis. There are few efforts for
in depth research in this part of the world that can enable adoption and deployment of the technology
since only China and Taiwan are actively pursuing the technology. So, the physical dynamics of the
atmosphere in the subtropical and tropical regions must be studied to determine the wind
characteristics at offshore locations. Then, WRA methods that are suited for the sea and atmospheric
conditions in low latitudes have to be known. Although there are efforts to address these gaps, new
techniques and knowledge must still be sought since the literature acknowledges the inadequateness

of the current findings.

1.4 Research Framework

In this study, the need of renewable energy sources for developing countries so that their
economies can grow in a sustainable manner has been determined from the literature. Many
developing nations are located within the low latitude and that region have plenty of open waters
thus, offshore wind energy should be considered as a renewable source for power production.
Although offshore winds can be a good resource for local power production, availability of data for
WRA is limited especially in open water areas. An alternative solution would be to use wind
simulations to produce data that can be utilised for WRA in regions with few or no data. These are the

premise of this research and it is illustrated in the following figure.

24



Immediate Need: Available Resource:
Local Power Production : Offshore Wind Energy

/

Requirements:

1. Sustainable/Renewable .
. i Essential Development Stage:
2. High Capacity )
. Wind Resource Assessment
3. Technology Maturity

Problem:
Limited Measurements for Wind
Profiling

Solution:
Perform wind simulations to
characterise wind flow

Figure 1. An illustration of the research

The research will focus on the Palawan Province as a study area since it is within the low latitude
region and composed of several small islands with varying sizes. Wind simulations will be done within
this domain to generate wind maps. Since wind profiling or wind characterisation is the important
initial step before determination of potential wind power production thus, it is the main focus of the
research. Validation of the winds is also possible for the area at 10 m level but not at typical wind
turbine heights from 30 m — 80 m. To validate any power production approximations, actual
measurements at these altitudes are necessary to produce meaningful wind power generation
estimates. Thus, the potential wind velocities are the only factors considered since it is the one that

may be validated with data observations.

1.5 Phases of the Research

This research is broken down into six phases and an outline is presented in Table 1 that lists
significant research milestones. The outputs and objectives outlined in Section 1.2 are to be met by
each phase are also found in Table 1. They are broken down into tasks to make up the complete work

which are to be discussed in this chapter.
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The literature review in Phase 1 is necessary in order to determine the techniques used for wind
resource assessment and find which methods are applicable for the study. Among all the information
gathered, the methods are to be improved to fit the needs of the research. Techniques in wind analysis
will be applied for wind characterisation of each station to enable site selection in Phase 2. This is
needed to locate areas with potential for extracting energy from the wind. The selected sites will serve
as the primary areas for validating wind simulation and will be chosen as region of study in running
the computational fluid dynamics model to produce a higher resolution wind field of a good wind
turbine site. It is necessary to streamline the study area since CFD is computationally intensive and

the computing resources available are limited.

Prior to running wind simulations, the appropriate model for the study area must be known.
This is done in Phase 3 by running sensitivity tests and preliminary simulations that are compared with
the selected sites in Phase 2. The models that can capture wind pattern trends and able to yield wind
speed values with the least discrepancy to measured values are to be chosen. Phase 1 can aid in
determining the model that performs well based on the previous studies found in the literature. Even
when a model is selected by performance comparison in the literature review, that chosen model
must go through the sensitivity tests for appropriate configuration to the study area. Wind simulations
in Phase 4 can be done after that and generate fine resolution wind field maps from the selected
mesoscale model and CFD model. These wind simulations shall provide the wind patterns over the
study area where wind data observations are unavailable. Each of the work packages are expounded
in the following sections.

Table 1. Summary of Research Phases
Research Phase Outputs Objectives

Phase 1: Review of Literature

1.1 Wind energy generation A review document on the o1
] following:
1.2 Offshore wind resource
and technologies 1. energy conversion
01
methods

1.3 Wind resource assessment

) 2. offshore wind power
methods for offshore sites

potential and
technologies

3. wind assessment
techniques

Phase 2: Method
Development and Study Area
Determination for the
Research
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2.1 Identifying offshore wind
data availability and study area
selection

2.2 Observed meteorological

Select study area based on
onshore and open water wind
observations

Inventory of quality checked

data preparation and quality controlled wind 02
data
Wind profile of each station
Preprocess for wind model
validation
2.3 Choose the suitable WRA | Select WRA method to modify | 03
technique for the study area for study area
Present findings at a
conference
Phase 3: Wind Model
Configuration and Sensitivity
Testing
3.1 Identify appropriate model | Compilation of regional scale
and mesoscale models as well 03. 04
as the microscale and
computational fluid dynamics
(CFD) models currently in use
from literature
Sensitivity test results on
various model for the location
Name the regional
3.2 Validation of chosen model | scale/mesoscale model and
with observed data CFD model combination for
simulation
Phase 4: Wind Simulation
4.1 Mesoscale Modelling Simulate entire study area 04

4.2 Produce monthly wind
maps

4.3 ldentify areas with power
generation potential

4.4 Microscal Modelling

domain

Compilation of wind field maps
over surrounding waters of
Palawan Island

A directory of locations that
have power production
potential from wind
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Simulate selected locations
from wind maps for fine spatial

4.5 Comparison between resolution scale

Mesoscale and Microscale
Model Performance

Performance improvement
determination in the usage of
microscale model

1.5.1 Phase 1 —Review of Literature
This study reviews existing research papers and reports on power generation from wind

energy, current technology on offshore wind energy, the methods and techniques utilised for wind
resource assessment, and wind maps. This overview is used in the analysis of available meteorological
wind data so that a wind resource profile can be formed on observed data. It will also serve as a survey
of the recent technology developments for offshore wind energy. Techniques for wind resource
assessment have been evaluated in the review to find the appropriate method considering the
available data and computing resource. Some of the techniques for wind analysis and wind modelling

has been done to assess the viability of the research.

1.5.2 Phase 2 — Method Development and Study Area Determination for the Research
The study area is selected based on the preliminary onshore WRA for the Philippines and

offshore wind observation data availability. A preliminary onshore WRA for the Philippines has been
performed before which should aid in determining which islands have offshore wind potential.
Weather stations close to shore or are located in small islands that are operated by the Philippine
Atmospherics, Geophysical, and Astronomical Services Administration (PAGASA) are identified and the
data quality are assessed. Data quality is based on the longevity of observations from a station that
has quality assured continuous data by PAGASA. Observations close to the sea are valuable for making
wind profiles of open waters at the vicinity of the stations in the absence of actual offshore wind
measurements since such data are difficult to obtain. But meteorological observation on offshore
locations from the 7 Southeast Asian Studies (7SEAS), which was conducted by the Naval Research
Laboratory and Manila Observatory at Palawan Island, are available although the data spans one to
four days of continuous measurements. Other wind data that can be utilized for the Philippines are
reanalysis data which are a composition of ground measurements, satellite data, and global circulation
models (GCM) to produce atmospheric condition maps all over the world. Given the limited wind data
available for the Philippines in offshore locations, simulating wind conditions is a viable solution to

form a database that can be used for WRA [18].
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1.5.3 Phase 3 —Wind Model Configuration and Sensitivity Testing

To do the wind simulations, identification of suitable regional scale or mesoscale wind models
for the study area will be done and will be coupled to CFD models to get high spatial resolution wind
field maps from available community-developed or commercial models. Reanalysis data from GCM
will provide initial and boundary conditions for the mesoscale or regional scale model. Initial
conditions are needed by the model in order to give it a starting point in time for wind simulations. To
avoid divergence in the computations, boundary conditions are necessary in solving the atmospheric
governing equations through finite element methods. Reanalysis data are GCM interpolations of
weather observations around the world. In turn, the results will be used for the microscale or CFD
model. These models will be validated with observed wind data and tested for sensitivity in order to
know which ones are appropriate for Palawan. From the literature review, it is found that the Weather
Research and Forecasting (WRF) model is being utilised for wind resource assessment and open source
so, it has been selected as the mesoscale model. On the part of the CFD model, the WindSim is found
to be developed and optimized for the use of wind industry from published journal articles so it is
chosen to be the CFD model for the study. Sensitivity tests will be done for evaluation purposes of the
models in order to determine the suitable configuration for modelling coastal and open water areas.
The tests will involve varying the planetary boundary layer values and the microphysics for both

models.

1.5.4 Phase 4 — Wind Simulation

After these tests and model validation, the model combination that is able to simulate the
area of interest will be used to produce high resolution wind field maps. These are deterministic
models that solve the atmospheric governing equations through finite element method. This work
entail running the selected regional scale or mesoscale model with data from reanalysis as input. The
output of the mesoscale model are 3 km resolution grids. Downscaling the results of the mesoscale
model with the chosen CFD model produces 38m — 76 m fine spatial resolution grid [19]. This fine
scale is necessary since wind flow near coastlines are highly influenced by land-sea interaction and
land features [20]. Thus, CFD is employed to allow wind flow analysis over complex topography and
account for microscale physical dynamics where regional scale or mesoscale models are incapable of
simulating. Finally, the mesoscale and microscale models are compared to find performance

improvements gained from using microscale models.

All of these phases have been done in the course of the study and they are illustrated in Figure
2. The figure shows the work flow that was followed in order to achieve the objectives stated in Section

1.2.
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Figure 2. Work flow of the study for WRA method development

This figure describes what transpired during the research from the need that has driven this research,
problems encountered, the solutions to address those problems, and the research output. The details

on how these steps were worked out can be found in Chapter 4.

1.6 Summary

Energy is an essential resource for modern society and economic development but the current
source of energy has proven to be unsustainable. So, developing nations must seek renewable energy
sources that will be sustainable in order to assure continuous development of their economies. A
potential renewable energy source can be wind since it is a mature technology and abundant. In the
course of wind energy development, it has been determined that the offshore wind resource are more
consistent and wind speeds are higher than onshore locations. Thus, the wind industry has expanded
into the deployment of wind turbines in offshore wind farms.

Many developing countries are located in the low latitude regions and most of them have oceans
or seas within their territories. Therefore, these nations have potential wind resources over the open
waters that are close to them. Any wind energy development project must begin with a good WRA in

order to ensure its success in power generation [11] but there are limited data available in developing
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countries that will allow for a meaningful WRA [21]. In addition to that, much of the research and
development on offshore wind energy are in Europe which is located in the high to mid-latitude. Wind
patterns can differ between locations depending on the local topography, weather, and climate. So,
there is a need to develop WRA methods for low latitude areas because the climate and weather

effects in those regions are different from high and mid-latitude areas.
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2 LITERATURE REVIEW

This section looks at the published literature regarding renewable energy and wind energy
generation. Then, the offshore wind resources and offshore wind energy in the world are explored to
see the current state of the technology and find the learnings in the course of development. It then
proceeds with a review of methods in performing WRA for offshore locations. These are performed in

order to find the appropriate WRA techniques for the Philippines.

2.1 Renewable Energy

An energy source is renewable if it can be quickly replenished by nature like sunlight, wind, sea
tides or waves, biomass, hydro, and geothermal heat. Renewable energy is deemed beneficial because
it has little or no impact to the environment [22]. This type of energy source is being slowly adopted
because many technologies are still under development, the mature ones are not deployable in all
locations, and the intermittency of many sources [23]. But the intermittency or variability are only
applicable to solar, ocean current, tidal, wave, and wind as determined in the study of Tran and Smith
[24]. In their work, they found that all the other renewables like biomass, geothermal, and hydro are
actually dispatchable. The existing power generation structure is not compatible to the way renewable
energy systems operate [25]. Thus, opponents to the renewable energy transition use this reasoning
by stating that the variability of renewable energy would be detrimental to the electrical grid [24]. This
mindset is rooted on the concept of a rigid power system concept that is prevalent called base-load
[25]. Given the variability of some renewable energy sources, Diesendorf and Elliston [25] argues that
it is necessary to shift towards a flexible power system that have dispatcable power stations and

energy storage.

At present, 80% of power generated on the planet use fossil fuels that is comprised of
petroleum, coal, and natural gas [26]. But the market price volatility of fossil fuels offer an opportunity
for investments to be made for renewable energy systems [4]. In fact, there are studies [25,27,28]
that show it is possible for the world to transition to a fully renewable power generation system. Both
the publications of Jacobson and Delucchi [27] and Diesendorf and Elliston [25] have stated that the
obstacle towards a full transition to renewable energy are political and institutional reasons. The
political reasons are due to the incumbent industries from fossil fuels, nuclear, and electricity who are
very influential to energy planning while institutional reasons are the incompatibility of renewable
energy to the market regulations [25]. To enable renewable energy to make a significant penetration
into the energy market, careful planning and effective policies must be in place [29]. Lund [30] has
stated that energy policies can have a great impact on the development of local industries for

sustainable energy. In that paper, the results show that the gains from the policies outweigh the public
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expenditure as evidenced by the increase in income and corporate tax revenues from sustainable
energy industries. Even if fossil fuel resource is abundant in a region, it must invest in sustainable and
renewable energy because fossil fuel reserves will be depleted [31]. But there is a difference when
using renewable energy because several sources must be exploited at a location to be able to optimise

power production instead of relying with a single technology [24].

There are feasibility studies [25,27,28] that show it is possible to source the majority of the
world’s energy requirements from renewable sources. One of those feasibilities was carried out by
Jacobson et al. [28] where they determined that it is possible to produce the global power needs from
solar, water, and wind sources. In fact, there are countries such as Bhutan, Iceland, New Zealand,
Norway, and Tasmania that produce 80% - 100% of their energy from dammed hydro systems [25].
But there are publications [27,28] that have shown the global potential for solar and wind to supply
the entire power demand of the world between 2030 - 2050. This has been achieved by certain
locations that lack hydro power systems like South Australia, Denmark, Northern Germany, and
Scotland for a few days at a time [25]. Countries such as Denmark and Scotland are able to achieve
this primarily with wind energy [25,32] which is a renewable energy that has a potential power
production of 40 — 85 TW within locations that can be developed into wind farms worldwide [27]. This
potential of wind power has been acknowledged in recent times which allowed its rapid growth in
the power industry [23,33]. Its power has an extensive history since it is one of the oldest renewable
energy known to humans [34]. The next section will be a brief narration of wind energy history and

the emergence of the modern wind power technology.

2.2 Wind Energy Generation

Wind energy has been known to humans for a very long time. The earliest known machine is
dated at around 7™ century B.C. and it was used for milling grain in Afghanistan [35]. Early wind
powered machines used the concept of drag but were later modified into using lift concepts where
more wind energy can be converted into mechanical work. These were widely used for grinding or
pumping water, and improved through the centuries. Development for the technology slowed down
by the late 19" century but improvements were still being made and in 1891, the first wind turbine

for electric generation was completed [34].

A resurgence in research for wind turbines came when an oil crisis occurred in the 1970s and
environmental concerns paved the way for renewable sources to be utilized in place of fossil fuels
[34,36]. The initial turbines produced had power capacities of around 50 kW that increased to about
200 kW by late 1980s [35]. In the early 1990s, these turbines have reached 500 kW range which further
increased to (750 kW- 1000 kW) power capacities [37]. By the end of that decade, wind turbines with
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1.5 MW to 2.5 MW were in production, and have attained power capacities of 3.5 MW in the late
2000s [35,37].

Improvements on wind turbine technology enabled the construction of wind farms for large-
scale power production. It is the fastest growing renewable energy source and the demand for it
continues to increase [36,38]. Wind power generation is the most advanced technology among new
and renewable energy sources [39]. Installations started in the U.S. during the late 1970s until the
early part of 1990s[35]. When interests in the U.S. began to dwindle, European countries rapidly built
wind farms with Germany, Denmark, and Spain at the forefront [36,37]. At the end of 1995, Europe
had an installed capacity of about 2.5 GW [35]. Then, this quickly increased to 33.6 GW by the end of
2004 [37]. Infact, Europe had three-quarters of the installed wind power capacity in the world by 2002
[36]. In 2004, Europe maintained this huge share while Asia has achieved a global share of 12.4% with
India and Japan as the leading nations in wind farm construction [36]. For the worldwide perspective,
total installation has increased from 6 GW in 1996 to 370 GW in 2014 [40]. This unprecedented growth

was unforeseen and wind energy is expected to keep increasing its share in power production [38,40].

These studies have shown that wind machines are in use since the ancient times and continued
development to suit the needs of societies through time. Recent developments have been focused on
electric power generation from onshore wind farms. As more power is needed while de-carbonizing
the energy sector, wind power is now expanding to other sites such as forested areas, urban, and
offshore. Pursuing wind energy generation earlier will make it more cost-effective since this will
reduce the greenhouse gas (GHG) emissions and may prevent effect of decreasing wind resource if
the world becomes warmer [41]. For high capacity power generation, offshore wind farms can be a

solution and its availability and development are the topic for the following section.

2.3 Global Offshore Wind Energy Resource

Published research [42—44] on available offshore wind resource on the planet are showing that
it is a promising option for high power production. Advancement in atmospheric observations and
computational technology have enabled progress in offshore wind research to be possible [42].
Measuring instruments mounted on satellites have allowed the determination of offshore wind
speeds across the world such as the maps generated by Quik Scatterometer (QuikSCAT) [45] as can be
seen in Figure 3. The utilisation of scatterometer data can be considered as preliminary WRA because

of the coarse spatial resolution and the coarse time intervals between scans from satellites.
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Figure 3. Wind power density (WPD) in the winter and summer months for the Earth’s ocean surface at 80m
level from QuikSCAT data analysis [45]

Better wind profiles over waters is possible by studying the wind and wave interaction such
as Jiang and Chen [46] who complimented satellite-based wind and sea surface wave observations
with other wind data sources. The authors were able to produce seasonal mean wind speeds over the
oceans of the world using wind data from Jason Microwave Radiometer (JMR) aboard the Jason-1
satellite. Such analysis, that combines multiple datasets, was made possible because of the advances
in scientific computing which enables the calculation of vital offshore wind resource parameters. In
fact, wind datasets such as the Cross-Calibrated Multi-Platform (CCMP) wind product are the outputs
of such combined data analysis [43]. Carvalho et al. [18] have compared various offshore wind
datasets, concluding that CCMP is a viable option in performing WRA when in situ data is not available
or resources are limited to perform numerical wind modelling. An offshore wind power density map

of the world using the CCMP wind product, is shown in Figure 4.
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Figure 4. Wind power density (WPD) for the Earth’s ocean surface at 10m level from 1988 to 2017 based on
CCMP wind product [47]

Due to their wind vector representation, the utilisation of multiple wind data products in the
analysis of wind profiles has been employed in research such as wind power density (WPD) for the
world’s oceans. The method of using combined observation data, reanalysis, and satellite
observations, like CCMP dataset, has been employed for further offshore WRA as demonstrated by
Zheng and Pan [48]. Their computed worldwide wind speed estimates that in most ocean surfaces
there are high wind speeds over open waters for a cumulative period of eight months in a year, and
over 50W/m? WPD for nine and a half months cumulatively in a year. In another study, the same
authors investigated climate trends of the world’s ocean wind speeds and found that there is a 3.35
cm/s increase every year from 1988 to 2011 globally [43]. Thus showing that the offshore wind energy
has promising potential for power generation. A practical approach in studying the global WPD by
Eurek et al. [49] calculated the wind power density by taking into account the exclusive economic zone
(EEZ) of each country and identifying the suitable areas for offshore wind energy development within
the EEZ. From their research, authors concluded that the global average WPD is 31.13 W/m? for the
height of 90 m above ground. Recent developments [43,44,50,51] have even considered global
offshore wind power prediction which is essential for wind farm planning. Sasaki [44] demonstrated
the possibility of a 5-day wind power production forecast thereby, encouraging more research to gain
better reliability on wind power predictions. In addition to improving wind forecasting capabilities,

Zheng et al. [52] suggested that grade division by wind turbine classes and production of a wind energy
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development index is necessary to aid offshore wind project proposal and feasibility studies.
Following that recommendation, Zheng et al. [53] refined the WRA method implemented by Zheng
and Pan [48] through the addition of cost and environmental impact risks. Their analysis [53] yielded
similar results to the latter work [48] except in the region between 30° N and 30° S where they found
that there are potential offshore wind resource available within that band of latitude. These efforts
are indeed useful for the development of offshore wind farms for the different nations since they offer
preliminary WRA. It is interesting to find that some of the areas identified to possess good wind energy
resource from the global WRA results are currently the active areas of OWF deployments which will

be the next topic to be discussed.

2.4 Worldwide Offshore Wind Energy Developments

Wind farms located at offshore sites have been growing by 40% per annum for the entire world
[54]. Inthe report of WindEurope for 2017 [55], it was shown that there have been significant offshore
wind farm capacity installations in the United Kingdom, Germany, Denmark, Netherlands, and
Belgium. The cumulative installed capacities for the countries respectively are 6,835 MW, 5,355 MW,
1,266 MW, 1,118 MW, and 877 MW [55]. There is also growing interests in developing offshore wind
farms in the Adriatic Sea and Mediterranean Sea [54,56]. A WRA at 90m height carried out by
Soukissuan, Karathanasi, and Axaopoulos [57] has located suitable sites that have good potential wind
resource within the Mediterranean Sea such as in the Gulf of Lions where WPD can be as high as 1,600
W/m? and in the Aegean Sea where its Northeastern region can potentially have 1,150 W/m?.
Presently, the hurdle for offshore wind farm projects in the Mediterranean is that the sea depths are
beyond 30m while the current capabilities for offshore foundation construction are for depths less
than 30m [54]. Since open waters at depths greater than 30m offer higher wind power potential, there
are research and development on floating platforms for offshore wind turbines across Europe [6,58—
61] especially on deep sea deployment [62]. Beyond the North Sea, areas such as the Baltic Sea, Irish
Sea, and the Atlantic Ocean have offshore wind farm developments from Finland, Sweden, Norway,
Ireland, and Portugal [63]. In addition to these countries, there are test offshore wind turbine
installations in Spain and France over the Atlantic Ocean [55]. Other large bodies of water in Europe
such as the Black Sea and Caspian Sea have been studied for their potential wind resource by Onea
and Rusu [64] and showed that the WPD over the Black Sea can range from 387 W/m? — 542 W/m?
while the Caspian Sea can have between 437 W/m? — 532 W/m? at the height of 80m. The
determination of WPD through WRA on both the Black Sea and Caspian Sea shows that even inland
seas have good potential for offshore wind development. All these successful deployments and
learning experiences from Europe have been the foundation of other OWF projects around the globe

thus, low latitude nations could also benefit from the exploits of their European counterparts.
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Across the Atlantic Ocean, the idea of offshore wind turbines has been brought about in a
conference at Massachusetts back in 1972 [6]. However, offshore wind farm projects in Canada and
U.S. are mostly at the planning and evaluation phase [8]. There are four Canadian projects that are
being evaluated where the two that have power production capacities of 414 MW and 300 MW are
situated in the Great Lakes [7,8]. In the U.S., both the Atlantic Ocean and Great Lakes are being
considered for offshore wind projects [6, 8]. The most promising is the Block Island project that has a
30 MW power production capability and commissioned in December 2016 [63,65]. The state of
Massachusetts has also approved the Vineyard Wind project which will have 800 MW capacity and
the construction begins in 2019 [66]. Developments in the Great Lakes have been agreed upon to be
a collaborative effort between the countries of U.S. and Canada [67]. Although the OWF deployments
in the U.S. and Canada are in the early stages, their proposed projects in the Great Lakes is unique
because these are inland freshwater OWF projects [67]. These projects will yield techniques and
practices for OWF projects in lakes and will be useful for inland waters in the low latitudes such as
those in Africa or South America.

In East Asia, Japan began the research and development of offshore wind turbine technology in
the region with two 600-kW turbines back in 2003 [68]. This initial effort was revitalised after the
dangers of nuclear power became apparent in Fukushima for earthquake prone regions [63]. In fact,
Japan has 49.6 MW offshore wind power and is actively developing floating platforms for wind
turbines [69]. Despite the recent progress in Japan, China is the leading investor in the wind turbine
technology in the Asia-Pacific region in terms of manufacturing and deployment [63,65]. China has
surpassed Denmark in terms of total capacity installed with 1,627 MW in 2016 [65]. This gap widened
in 2017 when China added more capacity giving a total of 1,796 MW [70] while Denmark
decommissioned one of its pilot installations [55]. South Korea has started developing its offshore
wind turbine capabilities with a 5-MW installation in Cheju Island during 2011 and 2012 [69]. In 2017,
South Korea increased its offshore wind energy capacity to 35 MW [70], while initial offshore wind
turbine deployments were carried out by Taiwan in 2016 with two offshore turbines located off the
coast of Miaoli County having 8 MW production capacity [71]. These OWF development have involved
islands as study areas within the East Asian region thus, their findings can benefit small islands or
archipelagic nations within the low latitudes when pursuing their own respective OWF projects. Figure

5 summarizes the power production of operational offshore wind farms around the world.
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Figure 5. Power capacities of installed offshore wind farms

The OWF power generation capabilities of each country in Figure 5 is a composition of operational
wind farms and pilot testing projects. Thus, not all nations that have OWF are producing electricity
that are supplied to consumers because some are still in the trial stage. The following section discusses

the countries that feed their OWF generated energy to the electrical grid.

2.5 Grid-Connected Offshore Wind Energy Production

When considering the overall energy consumption of the world, electricity is only a fifth of the
total energy consumed [72]. This study focuses on OWFs’ potential contribution to electrical power
generation and does not discuss other forms of energy used by each country. Having these OWF
installations around the world, the electrical energy needs of some countries that made significant
investments on the technology are being met sustainably. The following table shows the electrical
consumption and annual OWF production of each country with offshore wind farm installations. The

percentage of electricity supplied by offshore wind farms to the total consumption is also indicated.
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Table 2. Summary of total electricity consumption, power production from offshore wind farms, and percentage
of electricity supplied by offshore wind for 2016

Country Consumption (GWh) OWEF Production Supplied Electricity
(GWh) by OWF (%)

United Kingdom 303903 16406 5.40
Germany 517377 12274 2.37
China 5101661 2409 0.05
Denmark 31154 4650 14.93
Netherlands 105628 2269 2.15
Belgium 81848 2390 2.92
Sweden 127496 608 0.48

From the table above, it is apparent that there is varying success on OWF deployments at first glance.
However it is notable that countries that have invested in the technology are able to obtain at least
2% of their electrical energy needs from offshore wind energy. Despite China having similar OWF
production levels as Belgium and Netherlands, the supplied electricity percentage from OWF is low
because the energy consumption in China is at least one order of magnitude higher than any country
listed in Table 2. The low percentage contribution in Sweden shows that it is at the initial stages in
deploying OWF. These developments show the viability of offshore wind energy for developed
countries and demonstrate that offshore wind power may supplant conventional fossil fuel power
plants [9]. In fact, some of the offshore wind farms have been decommissioned or due for
decommissioning after being operational for more than a decade [73]. The present status of offshore
wind energy development prove that the technology has advanced to the point where component
costing can be quantified [74] and the complete life cycle of wind farms can be assessed for financing
[75]. Successful deployments of OWFs have sown interests from different countries to determine the
potential of OWFs for local power generation [76]. Having seen the worldwide status for offshore

wind, the focus now shifts to the main interest of this paper which is the region of low latitudes.

2.6 Offshore Wind Studies in Low Latitude Regions

Many developing countries are found in the low latitude region and there are plenty of open
waters in these locations [77]. Offshore wind energy is a potential choice for power production in
these areas as they have wind speed average at around 7 m/s to 9 m/s throughout the year [46].
Unfortunately, many published work are about OWFs in Europe and there is very little attention given
to developing nations [21]. Rusu and Onea [21] investigated the marine energy resource of developing
nations where they had compiled the WPDs available from the different countries. This section will
use a similar treatment by making a compilation of determined WPDs available within 23.5°N and
23.5°S latitude band from published literature but will focus on the offshore wind energy. In selected
regions where Rusu and Onea analysed wind data, they found that Somalia has a WPD of 1,073 W/m?

while Vietnam has 695.5 W/m? for the 80 m height above the surface. These conditions are suitable
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for offshore wind development indicating that it may be a viable sustainable energy source for the
future [21]. Areas close to Angola, Brazil, Guinea-Bissau, Madagascar, Mexico, Myanmar, Peru, Papua
New Guinea, Timor, and Venezuela were examined [21] demonstrating moderate wind resource
reserves ranging from 67 W/m? - 315 W/m2. The WPD values from all the countries in Rusu and Onea’s
publication are well above the global average WPD of 50 W/m? determined by Zheng and Pan [48]
which suggest that there is a potential for offshore wind power generation in these countries.
Interestingly, some of the sites that Rusu and Onea [21] identified as good sites such as Madagascar,
Peru and Somalia are categorised as possessing rich offshore wind resource by Zheng et al. [53]. This
agreement confirms that wind energy is available over the open seas in these latitudes and must be
seriously considered for power production development.

Satellite observations has enabled initial WRA on oceans for different locations where wind map
products, such as in Figure 4, can be used for analysis [52]. However, this remote sensing method has
limits since each satellite scan can only cover a portion of the planet at a particular time so, its spatial
and temporal resolution is not sufficient for a complete offshore WRA [52]. There are developments
in combining different satellite observations as a remedy which allow the production of better
offshore wind maps like in the work of the National Renewable Energy Laboratory (NREL) [78]. To
produce offshore wind maps, NREL used the Blended Sea Winds dataset where wind speeds have been
extrapolated to the 90m level and covered the open waters within 100 nautical miles from coastlines

[79] as shown in Figure 6.

Figure 6. Yearly mean wind speeds across the globe at 90m height and up to 100 nautical miles from
shore [78]
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An improved satellite-based wind dataset is the WindSat Spaceborne Polarimetric Microwave
Radiometer [80] where ocean wind maps can be produced utilising the dataset as shown in Figure 7.
Even though WindSat is a new generation satellite observation system, it still possesses the inherent

spatial and temporal limitation of satellites scans [52] mentioned earlier.

Figure 7. Yearly mean wind power densities for 1988 to 2007 over open waters at 10m height from WindSat
[80,81]
Although combination of satellite measurements yields improvements for WRA, they are still coarse

in terms of spatial resolution and a finer resolution WRA is necessary to take into account local
atmospheric dynamics [18]. A careful evaluation is needed to better understand the wind energy

reserves for each country thus, there have been efforts to do this that can be found in the literature.

2.6.1 South America

A zoomed in WPD map for the Caribbean and South American region, which was produced
using WindSat dataset, can be viewed in Figure 8. It shows that winds near coastal areas are not
available with WindSat as depicted by the white pixels on the image which is a limitation for satellite-
based wind observations [18,82]. Areas of Latin America facing the Atlantic were investigated by
Pimenta, Kempton, and Garvine [83] where they reported that Brazil has 300 W/m? - 550 W/m? WPD
between 19°S — 23°S latitude at 80 m level. Their results showed that offshore wind energy in Brazil is
promising since the highly populated cities are close to shore and may complement the existing hydro
power in the country [83]. Another study covered the entire coast of Brazil where Ortiz and Kampel

[84]; obtained similar results to Pimenta, Kempton, and Garvine; discovered that there are richer
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offshore wind resource off the coasts between 1°S — 12°S latitude at 80 m level where WPDs range
from 550 W/m? — 968 W/m?2. In a more recent study for the state of Ceard in Brazil, Lima et al. [85]
found that WPD can reach 750 W/m? in that region alone by simulating winds using a mesoscale
atmospheric model which shows that Brazil may have greater potential than previously determined
[85]. These findings from the work of Ortiz and Kampel [84] and study of Lima et al. [85] give credence
to the selected site for the planned 12 MW offshore wind farm pilot project off the coast of Ceara
called Asa Branca [63]. On the other hand, Soler-Bientz et al. [86] studied the offshore wind at the
Yucatan Peninsula in Mexico using wind observations at 10 m and 25 m above ground level and
characterised the wind profile in the area [86] but has not been able to relate their output in terms of
wind energy potential. The region of the Caribbean Sea is also identified as a location for good wind
resource in the analysis of Zheng et al. [53] having a WPD of 250 W/m? — 300 W/m? at a 10m height
from the ground. Therefore, based on the findings of Zheng et al. [53], the Yucatan Peninsula has
good potential for offshore wind energy development. This also demonstrates that the results of
Zheng et al. is in agreement with Rusu and Onea [21] as both publications found the Caribbean Sea
region of Venezuela to possess an average WPD of 315.3 W/m?2. This WPD value also reflects the
estimated WPD from offshore satellite measurements such as the WindSat data in Figure 7. It is
apparent that this Caribbean Sea region has been detected by WindSat to possess high WPD despite
the instrument having a coarse data resolution. On the Western side of the South American continent,
Zheng et al. [53] have confirmed that Peru has a rich wind resource off the Pacific with similar values
as the Caribbean Sea. Further West in the Pacific, they also pointed out that Hawaii has good wind
potential in the Southern waters of the island which has 200 W/m? — 250 W/m? at 10m height.
Therefore, these determined WPDs in the Caribbean Sea, Atlantic and West Pacific show the potential

offshore wind resource surrounding the Americas.
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Figure 8. Wind power density map from 1988 to 2007 for South America and Caribbean region from WindSat
data

2.6.2 Africa

Research on offshore wind energy in the African continent has been surveyed as part of the
global WRA as shown by Rusu and Onea [21] and later by Zheng et al. [53] but few publications are
focused on Africa itself. In both published research [21,53], many of the covered areas are in the low
latitudes of Africa. Rusu and Onea have focused on the assessment for Angola, Guinea-Bisau,
Madagascar, and Somalia, and they found that these countries have WPDs at 73.3 W/m?, 137.6 W/m?,
181.7 W/m?, and 1,073 W/m?, respectively. These predictions give a picture of the potential offshore
wind available on the Atlantic Ocean and Indian Ocean shores, and it is worth noting that these values
are in line with the global wind map generated by Zheng et al. [53]. Offshore wind power is promising
in Africa with renewable energy studies in the region acknowledging that it is a potential energy source
for the coastal and island nations. Using the WindSat data, the climatological scale WPD map in Figure
9 surrounding the continent illustrates the vast wind resource that is available. Renewable energy
policy and development research for Mauritius have recommended that the offshore wind energy
must be considered for future planning [87,88]. A WRA for Mauritius in the preliminary stages has
estimated that the WPD to be 350 W/m? and above for heights of 100m [89]. That assessment has

located Flic en Flac, Mahebourg, and Rodrigues to be possible sites for offshore wind development in
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the country. Further studies on the wind potential of Mauritius are planned for the future as the
government’s national budget has an allocation for such purposes [90]. Analysis on offshore wind
project viability in Africa has also been done such as finding an appropriate technique for Nigeria in
terms of project costing for potential offshore wind farm development projects [91]. The case study
by Effiom, Nwankwojike, and Abam [91] proposed an offshore wind project in Calabar, near
Cameroon, where they stated that their model is suited for initial analysis of offshore wind farm
costing, and that offshore wind projects are feasible in Nigeria. The latest WRA study in Africa by
Olaofe [92] encompassed the entire continent and found similar results as the global offshore wind
maps. In that study, most of the coastal nations facing the Atlantic were reported to have around 50
W/m? or less WPD at 10 m level, but can reach up to 200 W/m? in the Southern Atlantic area. Olaofe
[92] also showed that there are regions in the Indian Ocean where the WPD are similar to those on
the Atlantic side. However, the South of Madagascar can have as much as 523 W/m? with the Horn of
Africa having a WPD as high as 350 W/m? [92]. At 160m above ground level, Olaofe’s findings show
that countries that are facing the Atlantic Ocean have around 200 W/m?, while WPD in the Indian
Ocean locations range from 810 W/m? - 1,705 W/m? [92]. These global and continental scale WRA are
preliminary assessments for Africa and show that the African Nations have a promising offshore wind
energy resource. However, a thorough WRA is needed for each member country in this continent in

order to refine these initial WRAs.
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Figure 9. The African continent wind power density map for 1988 to 2007 using WindSat wind product dataset

2.6.3 South Asia

Similar WRA methods used in the studies for Africa have been carried out in South Asia aiming
to investigate the EEZ of India. Nagababu et al. [93] has reported that there is 437 W/m? of wind power
density at 80 m height in the Indian EEZ. The authors claim that investing in this area can supply 41%
of the nation’s annual energy requirement [93]. Extending past the Indian EEZ; Kulkarni, Deo, and
Ghosh [94] studied the areas of the Arabian Sea and Bay of Bengal. They highlighted that at least 60%
of the area, covered by both bodies of water, have WPDs that range from 250 W/m? to greater than
400 W/m? at the height of 80 m. Although India does invest in renewable energy, the country requires
a policy to begin concrete offshore wind farm development and be implemented in its national energy
planning [95]. Concerns with changes on government policies have been echoed by a later study of
Kota, Bayne, and Nimmagadda [96]. The authors drew comparisons on the offshore wind
development between UK, US, and India where they found that the learning experience in the UK
could aid offshore wind development for the latter two nations. In that part of the world, even small
island nations such as Maldives have potential offshore wind resource with power densities ranging
from 72 W/m? to 104 W/m? at 10m level that could contribute in making the country self-sufficient in

its energy needs [97]. This range of WPD values are also found in the climatological WindSat data
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derived WPD as shown in Figure 10. The scope and breadth of research in the Indian subcontinent
have covered the technical requirements and policies necessary for OWF projects in the region. In situ
wind measurements like buoy observations must be deployed in the offshore areas identified to have

good wind resource before proceeding with pilot testing offshore wind turbines.

Figure 10. A generated wind power density map from 1988 to 2007 using WindSat data for the Indian subcontinent

2.6.4 East Asia

Offshore wind research is more active within the South China Sea, as evident from the
deployments in China [65]. The first operational offshore wind farm outside Europe is found in
Donghai Bridge [69]. Since then, the Chinese planned for other offshore projects that are currently
under construction or in the commissioning phase [63], while other projects are being developed by
Taiwan, Hong Kong, Vietnam, and Thailand. A study by Chang et al. [98] involved analysing the wind
resource around the Hainan Island. Their results show that the surrounding waters of that island have
400 W/m? to 600 W/m? WPD at 100 m height [98]. A further investigation in the area was carried out
by Liu et al. [15] in a larger study domain that included East China Sea and South China Sea covering
the 29 wind farm sites. They were comparing the performance of different vertical wind profile
methods under various atmospheric stability conditions so that they may find the suitable
atmospheric vertical model for extreme and normal weather conditions [15]. A more recent study by
Nie and Li [99] covered the entire coastal region of China that have water depth of less than 250m.

Their research uncovered that the Southeast coasts of China have significant wind resource, especially
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the Taiwan Strait where WPD that is greater than 900 W/m?2 can be obtained at 70m height. Such
studies are necessary because coarse wind data resolution that is shown in Figure 11 does not suffice
for the region due to the multiple islands that are relatively close to each other. This topographical
layout produces a feature where coastal water regions overlap. Wind flows near the shore cannot be
detected correctly by satellite instruments like radiometers thus, measurements made within such
areas are deemed unreliable. Developments for offshore wind farms have been pushed forward in
China because of the country’s energy requirements and has influenced the marine functional zoning
of its provinces near the coasts [100]. The zoning assignments that define how the marine
environment is utilised in China has been studied by Ou et al. [100]. It was demonstrated that the
coastal areas in China have offshore wind zoning in marine management policies, but must be
improved through better marine siting methods development that enables optimal open sea area
usage for offshore wind energy and other marine activities [100].

Due to having a greater wind resource potential, many studies have been carried out in the
region of Taiwan with regards to offshore wind energy. One of these is the work on three offshore
islands at the western part of Taiwan by Hsieh and Dai [101]. In their study, the authors employed
both the Hilbert-Huang transform and the Fast Fourier transform in order to improve the statistical
models used for characterising winds in terms of climate time scales in Taiwan and a tool for wind
forecasting that is needed in reporting power production capacity outlook to the grid for operations
[101]. A more comprehensive study on the wind resource at the western coast of Taiwan and the
Penghu archipelago, which includes the three islands in the previous study, was carried out by Fang
[102]. The results from that study yielded that the offshore area close to Taiwan’s western coasts has
a power density of approximately 1,000 W/m? while the offshore winds located in the region of
Penghu can be greater than 1,400 W/m? at heights between 100m to 200m [102]. These findings have
been reinforced by Chang, Yang, and Lai [103] in the western Taiwan offshore wind resource where
they found for the 100 m level, the area has a power density of 1,079 W/m? to 2,665 W/m?2. The
technical research in Taiwan is being complemented by reviews on government policies for offshore
wind power development and technology development for patenting. In the perspective of acquiring
patent portfolio for Taiwan; Chang, Fan, and Kao [104] analysed the available patents related to
offshore wind technology that have been awarded to each country. They recommend that Taiwan
should follow the lessons from China in pursuing patents for its offshore wind technology. With
regards to policies, there are studies that conclude the necessity for a framework to nurture projects
for offshore wind that incorporates experiences in Europe, social structure, public involvement, and

proper marine area zoning [71,105,106].
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In Hong Kong, a study on the wind profiles of the offshore islands of Waglan, Cheung Chau,
and Sha Chau have been performed by Shu, Li, and Chan [107]. Their assessment showed that the
lowest wind power density of 124.68 W/m? is found on Cheung Chau Island and the highest is located
at Waglan Island with 275.29 W/m?2. Shu et al. [108] concentrated at the Southeastern part of Hong
Kong where they calculated the WPD based on the observations from an offshore platform. It was
determined that the WPD at 27.8m height was 1,091.60 W/m? and at 160.8m was 1,811.60 W/m?.
Going beyond WRA for Hong Kong and into wind farm design, a few studies have been pursued by
Renewable Energy Research Group (RERG) at the Hong Kong Polytechnic University on optimizing
turbine layout for the case of a wind farm located in the Southeastern offshore area [109-111]. In
these research, the group used multi-population genetic algorithm, and found that the total potential
annual power production from the promising offshore sites may range from 39.14 x 108 kWh to 112.81
x 108 kWh. All these research efforts [107-111] in the Southeastern marine area of Hong Kong should
support the proposed 200 MW offshore wind project by CLP Power Hong Kong Limited located in that
region [68,112].

The very active offshore wind energy research within the South China Sea comes from China,
Hong Kong, and Taiwan. Their contribution to published literature is immense and has allowed them
to propose OWF project sites and trial deployments [63,71]. Thus, the research efforts and learning
experiences of these countries can be a model for other low latitude nations that are planning to

develop their own OWF projects.
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Figure 11. East Asia and Southeast Asia wind power density map from satellite observations of WindSat for the
years of 1988 to 2007

2.6.5 Southeast Asia

In Southeast Asia, studies on Thailand offshore wind resource were carried out for the Gulf of
Thailand [113,114]. One of the studies at Thaksin University have found that the Gulf of Thailand has
an area of 3,500 km? that is appropriate for offshore wind development with a 15 TWh/year power
production potential [113]. In another study by the same institution, a wind map for the Gulf of
Thailand was generated and priority development sites were suggested for offshore wind plants [114].
Zheng et al. [115] surveyed the offshore wind resource in East China Sea and South China Sea where
they discovered that the region of water in between Taiwan and Philippines has a rich wind resource
throughout the year with around 300 W/m? average WPD at low heights of 10m. Vietnam is starting
its offshore wind deployment in the region with a 99.2 MW wind farm in the Mekong Delta, and other
planned upcoming projects in the area [65]. With a perspective of building a sustainable power grid
for the entire Southeast Asia, the findings of Huber, Roger, and Hamacher [116] have shown that lower
CO; emission targets would require the installation of onshore and offshore wind farms in the region.
Potentially, these wind farm infrastructures can be built in Vietnam and Philippines because of their
available potential wind resource and the power generated can be contributed to the grid. A later

study by Ahmed et al. [117] stated that the Association of Southeast Asian Nations members possess
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a high offshore wind energy potential that can be sourced for power generation. They listed Indonesia,
Malaysia, Philippines, Thailand, and Vietnam as countries with potential offshore wind resource that
have a combined power production of 76 TWh. All these WPDs determined in various works are

summarised in Figure 12.

Figure 12. . Average wind power densities at 80m level for different low latitude locations

Based on all the cited offshore wind research in the low latitude region, it is apparent that it has
a great energy resource potential for countries located there which can support a sustainable manner
of economic development [21]. However, as the literature shows, a thorough wind resource
assessment for offshore sites is necessary before proceeding with any offshore wind project. This is
due to concerns with the marine environment which have to be better understood. One avenue where
WRA can be improved as highlighted by Liu et al. [15] is the need for a better understanding of the
atmospheric dynamics to produce an improved wind resource assessment of the region. As such, this
concern for deeper comprehension of atmospheric dynamics in the region was reflected in a study for
three offshore islands at the western part of Taiwan by Hsieh and Dai [101]. The authors attempted
to improve wind modelling by utilizing nonlinear and nonstationary daily wind speed time series.
Another room for offshore locations WRA improvement is considering sea conditions in the analysis.
Nie and Li [99] carried out such an improvement through the incorporation of sea surface roughness
in the computation of wind speeds at 70m and 110m height. Waves are also another parameter that
can affect wind farm siting as stated by Liu et al. [118] who made wave simulations to characterize the
sea waves as part of an offshore wind study for the South China Sea. Since there are many areas in

the low latitude that have available offshore wind energy resource, applicable WRA techniques must
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be identified in the context of the region and the succeeding section presents the available WRA found

in the literature.

2.7 Techniques in Offshore Wind Resource Assessment

Many of the methods for offshore wind resource assessment have been adopted from onshore
wind project developments. The use of wind measurements and analysis as well as wind simulations
in the offshore WRA is very much the same for onshore ones. These have been implemented in many
locations all over the world hence are applicable to low latitude parts of the globe. In this section, the

various techniques employed for offshore WRA are reviewed.

2.7.1 Wind Observations and Wind Map Products

Published literature [114,119-121] have utilised wind data over the oceans from buoys,
meteorological masts, ship observations, and satellite-mounted scatterometers. Performing analysis
on these observations enable the researchers to generate wind resource maps. One of the widely used
techniques for producing high quality wind resource maps is measure-correlate-predict (MCP) [11].
This was employed by Oh et al. [76] in determining the wind power potential at an offshore site in
South Korea. Authors analysed the wind observations from a meteorological tower at sea in order to
select the wind turbine class suited and the feasibility of the project based on the annual energy
production (AEP) and capacity factor (CF) [76]. The use of wind observation masts was carried out in
the 2016 Adriatic Sea study by Schweizer et al. [56]. Their analysis also considered wave data from
buoys to complement the wind data in locating for a feasible offshore wind farm site in the Adriatic
Sea. MCP method has been used for wind analysis and WRA in the low latitude region as listed in Table
3. As a guide, Table 3 lists the published research reviewed with details on the dataset or technique

implemented and region of study are summarised in the table below:

Table 3. List of publications and dataset used for research within the low latitude region

Authors Data Study Area
Hsieh and Dai [101] Weather Station Observations Taiwan
Shu, Li, and Chan [107] Weather Station Observations Hong Kong
Nagababu et al. [122] Scatterometer (OSCAT) Indian EEZ
Ortiz and Kampel [84] Scatterometer (QuikSCAT) Brazil
Nagababu, Kachhwaha, and Saysani [123] Reanalysis (ERA-Interim) India
Nie and Li [99] CCMP China
Olaofe [92] CCMP Africa
Shu et al. [108] LiDAR Hong Kong
Chang, Yang, and Lai [103] LiDAR Taiwan

There are weather stations which are conveniently located on small offshore islands such as in Taiwan
where Hsieh and Dai [101] studied the wind profiles of two islets in the Taiwan Strait and a further

one to the North of Taiwan using the MCP technique. These small islets allow valuable wind
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observations but averts the construction of expensive offshore platforms. Extending beyond the use
of wind data on wind potential and wind project feasibility, both authors were able to study different
wind farm design scenarios [56]. Similarly, offshore island weather stations were used by Shu, Li, and
Chan who performed WRA for three islands in Hong Kong. The authors analysed the Weibull
distribution of the wind data and determined that the Southeastern part of Hong Kong has potential
for offshore wind farm development [107].

In other studies [82,97,124-126], remote sensing techniques were used, or in some cases,
reanalysis data when in situ measurements were not available or insufficient for the requirements of
the work to produce wind maps or for wind profile analysis. Although these can serve as substitutes
to the actual ground measurement, validation of these data have been done and deemed necessary
by researchers [121,127]. Studies have been undertaken to see the usability of such data in the
absence of wind masts for offshore WRA, and it has been shown that it can serve as proxy data as long
as the users know the limitations of such datasets [121,127]. A WRA for the Indian EEZ has used data
from remote sensing by performing analysis with observation data from Oceansat-2 scatterometer
(OSCAT) [122]. This allowed Nagababu et al. [122] to make wind classification on offshore sites
surrounding India, and to identify the well-suited areas for offshore wind development. Another
scatterometer dataset from QuikSCAT was used by NREL for the determination of global WPD at 10m
height to define a wind classification scheme [128]. Ortiz and Kampel [84] also utilized QuikSCAT data
when they studied the whole offshore region of Brazil, and they analysed the observed data from
August 1999 until December 2009 with a spatial resolution of 0.5° x 0.5°. They were able to
characterize the offshore winds in Brazil at 80m level with their method and can support the siting for
the proposed Asa Branca project mentioned by Rodrigues et al. [63] in their review. Studies that
combine several satellite data from scatterometers (ASCAT and QuikSCAT) and radiometers (WindSat)
have been reported by Guo et al. [119]. They have demonstrated a better approximation of available
wind resource as validated by buoy data in their findings.

In the literature, global or regional scale wind resource assessment has been carried out using
reanalysis wind data from institutions such as the European Centre for Medium-Range Weather
Forecasts (ECMWF), the National Centers for Environmental Prediction (NCEP) and National Center
for Atmospheric Research (NCAR). One of such study by Zheng et al. [42] over the South China Sea
region where they classified the wind power based on the NREL classification levels and segregated
the temporal portion according to seasons [42]. The use of reanalysis data has also been utilised for
determining the feasibility of wind projects on the coasts of the Indian sub-continent [123]. Nagababu,
Kachhwaha, and Savsani [123] used European Reanalysis-Interim (ERA-Interim) data and implemented

a geospatial information system (GIS) method to identify the offshore wind potential and potential
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project investments. ERA-Interim data have also been used by Zheng et al. [53] to improve the
technique of global wind classification by using the Delphi method, and they deemed that their new
method is better than determination of WPDs through the analysis of QuikSCAT or CCMP datasets. A
more sophisticated dataset called Cross-Calibrated Multi-Platform (CCMP) Ocean Surface Wind
Velocity Project, which combines reanalysis data with microwave-based sensors from satellites, has
been used for offshore wind resource studies as well [99,121]. The CCMP data enabled Nie and Li to
study the offshore wind resource availability of the coastal seas along China, and determine that the
locations of good sites for offshore wind power production are along the shores of Taiwan Strait [99].
Olaofe [92] also used CCMP data in producing wind resource maps for the entire African continent
with a 0.5° x 0.5° spatial resolution. Another remote sensing measuring technique using the light
detection and ranging (LiDAR) was conducted for wind profiling in Hong Kong [108]. In this method,
the LiDAR instrument was mounted on an offshore platform situated in Clear Water Bay, and the
LiDAR measurements were compared with the meteorological mast on the same platform. Since the
LiDAR data correlates well with the wind measurements from anemometers mounted on the mast,
they were able to characterise the winds over the platform that included turbulence intensity. This
measurement technique, in addition to tidal and buoy observations, was also carried out by Chang,
Yang, and Lai [103] in their study of the West coast of Taiwan. The authors used LiDAR wind
observations over the Miaoli and Tainan regions to determine the wind energy resource available in
those areas.

The mentioned datasets in this section allowed many studies on offshore wind potential for different
locations on the planet. Table 2 lists the details of the methods and locations where each technique
has been applied for WRA. However, there were cases when high spatial and temporal resolutions
were needed for WRA or there was a lack of data to perform the WRA. Additionally researchers have
used computer simulations to produce wind models that address the requirements for fine resolution

and wind data generation for analysis.

2.7.2  Wind Modelling

There are different scales in modelling the wind which are classified as mesoscale and
microscale [19,129]. Mesoscale models are useful for preliminary WRA where coarse spatial resolution
wind profile maps that have 100 km grid scales are needed [129]. Upon determination of promising
locations identified from the coarse resolution maps, microscale models are necessary for wind
turbine micrositing because of the fine spatial resolution wind maps that they generate within a 10 —

20 km? area [129].
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2.7.2.1 Mesoscale Models

Usage of wind simulations for the study of offshore wind resource is being undertaken in many
published research. Ayotte [130] noted that there has been constant development for high resolution
calculations involving complex geometries on meteorological models. These improvements in
meteorological models made numerical weather predictions (NWP) to be utilisable for WRA. Along
with these enhancements, simulation accuracy has become better because of the rapid progress in
computing technology that permits higher spatial and temporal resolutions, as well as complex
algorithms processing [131]. An example of WRA using wind simulations is the Global Wind Atlas [132]
that can be seen in Figure 13. This wind map is generated through the utilisation of 70-km coarse
spatial resolution reanalysis data as mesoscale model input then, downscales them to a finer 1-km

spatial resolution.

Figure 13. Global wind power index that includes open waters from coastline to 30 km distance of land masses at
100 m above ground level [132]

Such techniques may benefit from the fine resolution datasets that produce improved results from
the next generation reanalysis which have smaller grids than prior datasets like the ECMWF Reanalysis
5 (ERAS5) in Figure 14. These datasets have higher spatial resolution since it has improved from a 80km

resolution in ERA-Interim into 31km resolution with the ERA5 [133].
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Figure 14. Global wind speeds that includes open waters from ERA5 simulations at 100 m above ground level
for the years of 1979 to 2018 [133]

A review on the role of NWP in WRA by Al-Yahyai et al. [134] stated that observations have
coarse spatial resolutions that require high cost investments in equipment and operations. The
authors also pointed out that the recommended practice for wind observations require different
vertical levels for measurements, and long observation periods making wind analysis for assessment
studies an expensive endeavour. These costs can be averted by using NWP models that is able to yield
high spatial resolution wind vectors with multiple atmospheric layers with the only cost incurred is
the system used for the simulation [134]. By being less expensive than actual meteorological mast
deployment and offering good quality data, NWP is being increasingly utilised for offshore wind
research.

Various researchers [20,114,135] used NWP involving WRA where they compared the
simulation results with actual measurements or assimilated wind data to improve the model output.
When wind observations are lacking, data obtained through remote sensing and reanalysis data were
used for comparison or as model inputs for the NWP. In a similar manner, reanalysis data and remote
sensing techniques of measurement have been found to be applicable in offshore WRA. A study by
Carvalho, Rocha and Gomez-Gesteira [20] employed NWP to simulate winds over the seas off the
Iberian Peninsula coasts. Different reanalysis data was used to drive the Weather Research and
Forecast (WRF) model which was validated with buoy wind data. Their results showed that using ERA-
Interim as an input gave adequate results for offshore WRA [20]. Following this, Carvalho et al. [18]

evaluated the performance of scatterometers and found that WRF simulations performed better than
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other databases when studying the open seas [18]. Using a different NWP model, , Lima et al. [85]
used the Regional Atmospheric Modeling System (RAMS) analysed dry and wet seasons with
consideration of the La Nifia and El Nifio phenomena in Brazil. The authors compared their wind
simulations with state meteorological tower data and found that the RAMS model yielded adequate
output upon validating with the 60.4m height level [85].

To determine the WRA of the seas surrounding India, a general circulation model (GCM) and
a regional climate model (RCM) were analysed by Kulkarni, Deo and Ghosh [94] with reanalysis data
employed for the validation. The authors used ERA-Interim, NCEP/ NCAR Reanalysis Project (NNRP),
and Climate Forecast System Reanalysis (CFSR) where it was determined that the results from the
Coordinated Regional Downscaling Experiment (CORDEX) RCMs were not necessarily better than their
primary source GCMs. Similar WRA methods have also been carried out in other publications that
studied the wind resource availability within the South China Sea region. These publications include
the study of Chang et al. [103] who reported on WRF and assimilated satellite-based data into the
model to determine the wind resource around Hainan Island. Offshore WRA for the Gulf of Thailand
was simulated using WRF in the work of Chancham, Waewsak and Gagnon [114] where they
downscaled NCEP/NCAR Reanalysis Il (R2) data to obtain 9-km spatial resolution wind maps.
Downscaling reanalysis data using NWP can yield improved WRA because of smaller grid resolution
compared to the original reanalysis data set. However, they have limits in resolving physical dynamics
that occur in less than 1 km resolution or a fraction of a second [136]. To perform wind modelling in
fine spatial resolutions at short time scales, it is necessary to employ microscale models to effectively

simulate the wind conditions.

2.7.2.2 Microscale Models

Although NWP can be useful for WRA, it has limited capabilities in simulating very high spatial
and temporal resolutions [136—138]. NWP models are not designed to simulate wind flows in spatial
scales that are less than 1 km, because the included turbulence model are incapable to model in very
fine scales [139]. Therefore, linear models or flow models are commonly used for microscale or
localized WRA [19,102,140]. This is the approach that Fang [102] applied for the 2001 WRA study in
Taiwan. Fang mentioned that the Mesoscale Model ver. 5 (MM5) was used as the NWP for generating
wind maps for the Taiwan. They reported that the open seas over the western side of the country
have good wind potential. To make an improved local WRA in the Western Coast of Taiwan, Fang used
a linear model called the Wind Atlas Analysis and Application Program (WAsP). The author was able

to simulate with a resolution of 100m using WAsP exceeding the capabilities of NWP models. The
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WASsP software was also used by Chang, Yang and Lai [103] in examining the Taiwan West Coast but
incorporating buoy and LiDAR data into the simulations.

A more sophisticated model using computational fluid dynamics (CFD) has wide applications
for offshore wind technology that can be used for turbine component analysis and wind farm layout
design [141]. CFD was used in the analysis of offshore wind farms as reported by Castellani et al. [142]
where the wake effects for the Sexbierum wind farm in the Netherlands were investigated using the
WindSim CFD model. Published literature by Yan and Li [140] used the ANSYS Fluent CFD model that
was configured for the Reynolds Averaged Navier-Stokes (RANS) turbulence model to simulate the
winds over Cheung Chau Island, Hong Kong which is a small offshore island. Their results were
validated with wind tunnel experiments and data from the island’s weather station. The CFD model
had an 8% mean deviation to the average wind speed values of the actual wind data. This was deemed
to be satisfactory by the authors and demonstrated that using both CFD simulations and actual wind
measurements can generate high resolution wind maps with at least 20m per grid for WRA in complex
terrain [140]. Another study that used CFD was the WRA for Mauritius by Dhunny, Lollchund and
Rughooputh [143]. WindSim was utilised to solve the RANS equations for wind simulations. The
generated results were validated with meteorological mast data that has four levels for wind
observation, showing that the highest percentage error for the CFD model was 9.92% at the 33m level
while the lowest was 1.48% at the 135m level. The authors concluded that WindSim enabled the
production of accurate wind maps for Mauritius, and identified the feasible areas for wind farms which
are located in the Southeast coast, lower central plateau, and Southwest regions [143]. Although CFD
offers very high spatial resolution simulations for wind flow in comparison to NWP and linear models,
its use must be properly tested on the study area before meaningful results can be obtained
[137,144,145]. There are other extensions to WRA where CFD has been used as highlighted by
Chancham, Waewsak, and Gagnon [114] where WindSim was used for the wake loss analysis of
potential offshore wind farm layout design in the Gulf of Thailand. Furthermore, studies on wind and
wave interaction may find CFD models to be useful as reported in Yao et al. [146] and Jiang and Chen
[46], for future work because these types of models are able to incorporate the surface roughness
introduced by waves to winds and the generation of waves from winds.

It can be concluded that there has been extensive use of NWP in different parts of the world
for offshore wind research. Such an approach despite its limitations was found to be useful for areas
that lack in situ observations [18]. In addition to that, NWP offers a solution that can avoid high capital
expenditure associated with the deployment of offshore meteorological masts. Refinements to the
NWP is necessary to allow it to adjust in accordance to local atmospheric conditions and input data

such as the initial and boundary conditions dataset and marine atmospheric boundary layer [147-
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151]. Even when wind mast data are available, NWP can complement the observed data for WRA
[134]. Although NWPs have coarse spatial resolution results, they are important for preliminary
assessment and their simulation outputs can be improved using linear models or CFD in order to
produce a better WRA [19,102,136].

NWP are based on the concepts of atmospheric science and the CFD models applied to WRA are
also incorporating the characteristics and dynamics of the atmosphere. Thus, a discussion of
atmospheric science is necessary to gain a better understanding of these models. These principles of

atmospheric science and mathematical methods of the models are the topics for the next chapter.

2.8 Summary

Any wind farm development must begin with a precise and thorough WRA [11]. This is the
essential and initial step in order to determine the wind profiles of areas. The wind profiles allow the
determination of potential wind farm sites that are suited for wind farm development in order to
ensure the success of wind farm projects.

WRA methods for onshore wind farms have been applied for offshore wind applications but the
techniques prove to be more difficult because of deployment cost and maintenance of offshore
meteorological platforms for wind observations [99]. In the context of small island countries and
developing nations, such methods may limit offshore wind developments because the investments
needed to perform WRA using the in situ methods introduces risks to any proposed offshore wind
farm development. An alternative would be to use numerical modelling in order to generate wind
maps for initial WRA that can facilitate wind energy prospecting [18].

Employing NWP has been done as an alternative WRA method to direct measurements. A
mesoscale model is used to see the large-scale and long-term wind patterns over the study area while
the CFD model is utilised for fine spatial resolution and short-term wind profiles. The two models are
coupled for this study in order to generate monthly and daily wind patterns over the area of interest.
This coupling is through the usage of mesoscale model results as input data for the microscale model
simulations.

This research sought to seek a WRA method in offshore locations for low latitude regions and
small island nations as these places would benefit from offshore wind power generation to address
their energy requirements. Since there are limited data, the method must be able to produce high
resolution wind maps that will serve as initial WRA. In the course of the literature review, it has been
determined that NWP are capable of high spatial resolution data [99]. NWP are also a good substitute
to wind characterisation if actual measurements are not available [18]. Thus, a mesoscale model has

been chosen to perform wind simulations for this study.
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3 METHODOLOGY

In this chapter, the method used in doing WRA based on the literature are discussed. The
modifications and extensions of the methods gathered from the literature review in Chapter 2 are also
presented here. The theoretical background of the models as well as their internal structure are to be

discussed in this chapter.

3.1 Study Area

This study is focused on generating a WRA for Palawan, Philippines using NWP method. It has
been selected because preliminary onshore WRA for the Philippines has shown that the province has
good potential for wind energy development [16], it is composed of several small islands within the
low latitude region, and good quality but short-term in-situ offshore wind measurements [152,153]
have been done in the area. Since it is in the Philippines, the Asian monsoons affect the region in terms
of its seasons [152,154]. The Philippines is influenced by the Northeast Monsoon from October to
March which is characterised by dry and cold air that are coming from the main Asian continent
[154,155]. The winds during Northeast Monsoon is strong in the months of January and February
[154]. There is a shift in the season into a hot-dry one in April and May when the winds are coming
from the East. These winds are blowing from the Pacific Ocean and are called Easterlies [155]. Another
transition in the season happens that starts in June and ends in September which is the effect of the
Southwest Monsoon [151,152]. This is characterised by winds coming from the Indian Ocean which
travels across the Indochina Peninsula and arrives at the Philippines. The season is warm and wet
while winds are weaker because the Indochina Peninsula slows down the winds that reaches the
Philippines since it is situated downwind of the entire peninsula [154].

Palawan Island is located at the western part of the Philippines and it is in between the South
China Sea and Sulu Sea. This island is a province of the Philippines where the capital is called Puerto
Princesa. Figure 15 shows the location of the island within the Philippine archipelago. It is a popular
tourist destination for its beaches and the underground river. There are several fishing ports around
the island since fishing is one of its major industry. Given the economic activity on the island, it is
suffering from an energy crisis [156,157]. Around 60% of the province have no electricity at all and
areas that do, experience brown outs or black outs that can last for 10 hours every day [156]. An
offshore platform is also located at the west side of this island for gas production but this is not used
for energy by the island [156]. Thus, it relies on independent power producers that ship diesel and
bunker oil fuels into the island to generate electricity [156,157]. Similar situation is true for the other
islands in the Philippines that is why Palawan is the focus of the study in order seek for a WRA method

that can be replicated to other sites. Palawan has also been selected as the study site since the island
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has shown that it has a good wind resource [16]. Another reason for studying the waters around

Palawan Island is because the South China Sea has been found to be rich in wind resources [15].

South China Sea

Sulu Sea

Source: http://maps.google.com

Figure 15. Map of Philippines and Palawan Island. The weather station is located within (a) Coron Island, (b)
Cuyo Island, and (c) Puerto Princesa City.

The study used 2010 to 2012 weather station observation at Coron, Cuyo, and Puerto Princesa
for validation of the NWP. This station is maintained by the Philippine Atmospherics, Geophysical, and
Astronomical Services Administration (PAGASA) which is the official weather bureau of the country.
The wind observations are done at 10 m above ground level using a cup anemometer and a wind vane.
Coron Island (12°N, 120.20°E) is located at the northern part of Palawan Province which is between
the South China Sea and Sulu Sea. Cuyo Island (10.85°N, 121°E) is situated in the Northwest region of
the said province and within the Sulu Sea. The site for the Puerto Princesa station (9.74°N, 118.73°E)
is beside the city’s airport where the immediate vicinity is surrounded by suburban area. This location
is a small peninsula that is facing the Sulu Sea and the city proper is towards North. The validation of
the model uses onshore wind observations, despite the study focuses on offshore WRA, in order to
determine the NWP configuration settings appropriate for the study area since the ground-based
observations have long-term data available. The wind simulation results from the best performing

NWP settings will be used as input data to the CFD simulations.

To establish the suitability of NWP, the offshore wind observations from the 7 Southeast Asian
Studies (7SEAS) aerosol research cruise will also be utilised for validation. For interests in tropical
meteorology phenomena and aerosol transport, this island had been selected for the 7SEAS research

cruise in 2011 and 2012 [152,153]. Upon reviewing the meteorological parameters measured on the
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research cruise, it has been deemed that the wind measurements can be used for preliminary offshore

WRA around Palawan.

South China Sea

Sulu Sea

Source: http://maps.google.com

Figure 16. The ship made observations at the locations marked by numbers on the zoomed in map. These sites
are 1. Guntao Islands, 2. Notch Island, 3. Tubbataha Reef, and 4. Balabac Island

Wind observations in 2011 and 2012 aboard the ship for the aerosol research cruise, that was
part of the 7SEAS programme, were processed to validate the NWP. The locations chosen to be
included for this validation are found in Figure 16. The 5-minute interval wind observations were
recorded at 10 m above sea level using a Campbell sonic anemometer [152]. Based on the continuity
of wind observations, the chosen sites for validation are the Guntao Islands, Notch Island, Balabac
Island, and the Tubbataha Reef. The 2011 campaign happened in September which covered the
Guntao Islands and Notch Island [152]. For the 2012 campaign, Balabac Island and Tubbataha Reef
were the additional sites and the mission was done on the month of September also [153]. Guntao
Islands (11.12°N, 119.26°E) and Notch Island (10.97°N, 119.24°E) are located at the northern part of
Palawan Province that faces the South China Sea. Tubbataha Reef (8.85°N, 119.92°E) is situated
Southeast of Palawan and within the Sulu Sea. Balabac Island (7.86°N, 116.94°E) is at the southern tip

of Palawan and close to Borneo.
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3.2 Concepts of Atmospheric Science

Atmospheric Science is the study of the Earth's atmosphere that encompasses the physical
dynamics and chemical processes. It is classically known as meteorology. The physical dynamics of the
atmosphere are based on thermodynamics and fluid mechanics [158]. Thermodynamic parameters of
the air such as temperature, pressure, and density are necessary to define the state of the
atmosphere. Differences in the thermodynamic parameters set the air into motion which obeys fluid
mechanics. This fluid motion is commonly known as wind which enables energy and chemical
transport in the atmosphere. This transport will influence the thermodynamic state of the atmosphere
and may strengthen or weaken the winds. Hence, it is a complex interaction between
thermodynamics, fluid mechanics, and chemical reaction. This chapter will focus on the
thermodynamics and fluid mechanics of the atmosphere since atmospheric chemistry is mostly
studied for air quality and radiative transfer research. Before proceeding further, some conventions

are to be defined first.

3.2.1 Atmospheric Coordinates and Conventions

Before proceeding to the models used in the study of WRA, some basic concepts about the
atmosphere are necessary. The Cartesian coordinate system x, y, z are translated as E-W, N-S, and
altitude. Wind vectors are expressed as U, V, W which corresponds to E-W, N-S, and Up-Down. Wind
direction follow the bearings in navigation convention. Thus, 0° means the wind is coming from North,
90° means wind is from the East, 180° means the wind comes from South, and 270° is when the wind

is from the West. These are visualised in the following diagram:

Figure 17. Coordinates and conventions in atmospheric science

The frame of reference in analysing fluid dynamics must be introduced at this point. There are
two essential frame of reference which are Eulerian and Lagrangian. Eulerian frame of reference is a
point of observation that is stationary on the Earth's surface. On the other hand, Lagrangian frame of
reference do not have a fixed location in space and follows the designated air under observation as it

travels in space.
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Some quantities must be defined to facilitate discussion before proceeding to characterise
atmospheric parameters. The acceleration of a body due to gravity decreases as it goes to higher
altitudes. To make the value of gravitational acceleration constant when analysing the atmosphere, it

is convenient to introduce a term called the geopotential height, H. This can be expressed as [158]:
Ryz

Ry +z
Where R, = 6356.766km, z is the geometric height

H= (1)

Another quantity that is used in atmospheric science is called the air parcel. This is the basic
block that is composed of air molecules grouped together. This block is the portion of an air packet
that is unaffected by external turbulence that tends to mix different air packets together. In the
atmosphere, occurrence of turbulence are manifested by eddies. These eddies are responsible in
mixing the difference in atmospheric parameters like pressure, humidity, temperature, and
momentum so that the final state of the air is the average of all the parameter values. Heat energy
input to the atmosphere is from the radiation emitted by the Sun. This energy influences the
temperature and humidity changes on the Earth's surface radiative heating in the daytime and

infrared radiated out to space at night.

3.2.2 Layers of the atmosphere

The atmosphere is composed of several layers and they are the following (from highest to
lowest) [158]:

Exosphere at about (500 to 10%) km < z
Thermopause or Exobase at z =500 - 103 km
Thermosphere for 84.9 < H < (500 to 10°) km
Mesopause at H = 84.9 km

Mesosphere when 47 < H < 84.9 km
Stratopause at H =47 km

Stratosphere for 11 < H < 47 km

Tropopause at H=11 km

Troposphere when 0 < H < 11 km

There is a layer within the Troposphere that is of special interest to atmospheric science. The
layer is called the atmospheric boundary layer. This is the part of the atmosphere that is highly
influenced by the Earth's surface such as introducing drag to winds and heating of its air during
daytime and cooled at night. This is the layer that is very turbulent because of the interactions with

the surface of the Earth.

3.2.3 Atmospheric Parameters for Thermodynamics

Thermodynamic parameters vary vertically among the different layers of the atmosphere.

Pressure can be expressed by the following relation [158]:
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P = Poe_(a/T)Z (2)
Where Pg = 101.325 kPa, a = 0.0342 K/m, and z is height

In the study of the atmosphere, pressure may be used as the substitute for height because of the one-
to-one correlation of altitude to pressure value.
Similarly, the density can be expressed in the following equation [158]:
-(%/r)z (3)

p = poe /T
Where pe = 1.2250 kg/m?, a = 0.040 K/m, and z is height at T = 288K
Although temperature varies with height as well, it is more complex than the other two
thermodynamic parameters. Now, the variation of temperature along the vertical depends on the
particular layer of the atmosphere because the solar heating from short-wave radiation affects each
layer differently. Below is a diagram that shows the vertical profile of temperature along with the

different atmospheric layers:

Source: Dunlop,
2014

Figure 18. Vertical profile of temperature, pressure, and density in the atmosphere [159]
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The temperature profile in the figure above can be expressed with the equations enumerated below:

T=288.15 K— (6.5 K/km)-H for H < 11 km
T=216.65 Kwhen 11 < H < 20 km
T=216.65 K +(1 K/km)-(H-20km) at 20 < H < 32 km
T = 228.65 K +(2.8 K/km)-(H-32km) for 32 < H < 47 km
T=270.65 Kwhen 47 <H <51 km
With the above temperature relations, the pressure values along the vertical of the

atmosphere can be made more accurate by substituting them to the exponential pressure expression.
The results are listed as follows:

P = (101.325kPa)-(288.15K/T) 2877 for H < 11 km

P = (22.632kPa)-exp[—0.1577-(H-11 k m)] when 11 < H < 20 km

P = (5.4749kPa)-(216.65K/T) 341631° 3t 20 < H < 32 km

P = (0.868kPa)-(228.65K/T) 1#2°1 for 32 < H < 47 km

P =(0.1109kPa)-exp[—0.1262:(H- 47 k m)] when 47 < H < 51 km
Since the temperature and pressure are known, the atmospheric density can be determined at any
level using the Ideal Gas Law relation because the gases that comprise the atmosphere obeys it.

An atmospheric relation that is found to be important is called the hydrostatic equilibrium.

This is a condition where the pressure that pushes an air parcel up and the gravity that pulls it back to

the ground are equal. This is expressed by the following equation:
AP
- P9 (4)

This is the vertical motion that influences the atmosphere since the pressure at low altitudes have

higher pressure than the ones above while gravity is highest close to the ground and decreases as one

goes up the atmosphere. The state of equilibrium is what determines the stability of the atmosphere.

The stability shows if the atmosphere is turbulent or not based on parameters such as temperature,

humidity, and wind along the vertical. There are three stability characteristics which are enumerated

below:

1. Unstable - the air is turbulent or becoming turbulent
2. Stable - airis laminar or becoming laminar
3. Neutral - air flow conditions will persist or remain the same.

66



3.2.4 Equations of Motion

Winds are generated by differences in pressure in the atmosphere. The tendency to balance
out the atmospheric pressure causes air to flow. The flow is from high pressure to low pressure regions
of the atmosphere. The main driver for this air flow is called the pressure gradient force but there are

other contributors that enable the motion. These are expressed below [158]:

F F F F. F F
x net — x AD + x PG + x CN + x CF + xTD
m m m m m m

(5)

Where the subscripts denote the forces from advection (AD), pressure gradient force (PG),

centrifugal force (CN), Coriolis force (CF), and turbulent drag (TD).

Fynet:FyAD+FyPG+FyCN+FyCF+FyTD
m m m m m m

(6)

Each term will be derived and discussed in the following sections. When making an observation at a
stationary point (Eulerian), air parcels that passes through that point can contain a momentum value.
These moving air parcels can transfer varying momentum values from winds. This phenomenon is

called advection and it is shown in the following equation:

F. AU AU AU
x AD - _ - _ W - (7)
m Ax Ay Az

F, AV AV AV
yab _ _y— _y L _w== (8)
m Ax Ay Az

The next term to be discussed is the pressure gradient force. This is from the pressure
variations in the atmosphere where the direction is from high to low pressure region and the
magnitude is dictated by the pressure difference. The pressure gradient force is higher in intensity as

the pressure difference is larger. Mathematically, this is shown below:

FXPG:_E_E (9)
m p Ax

F,

e _ _12P (10)
m p Ay
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When wind flows in circular motion, the centrifugal force has to be defined to make it convenient

when making calculations. This is expressed as follows:

F V-M

XN — - (11)
F, o 0 m

YN - g (12)
m R

Where M = VU2 + V2 s is the sign dependent on Northern or Southern Hemisphere, and R is the
radius of curvature. This term is included for special conditions where the wind flow is around circles.

Since the Earth is a rotating reference frame, the superposition of tangential velocity of the
planet's surface and object being observed which is called the compound centrifugal force. Due to the
ellipsoid shape of the Earth, gravity is dependent on the distance of the object from the ground and
its latitudinal position. Combining this latitudinal gravity component with the compound centrifugal
force yields the Coriolis force. The latitudinal dependence of this force is expressed with a Coriolis
parameter which is the following equation:

fe = 2Qsin¢g (13)
Where ¢ is the latitude and 2Q is 1.458423x10%/s

So, the Coriolis force for the Northern Hemisphere are:

FxCF_ .
- =f.-V (14)
FyCF=—fC'U (15)

The signs in the above expressions will interchange for the Southern Hemisphere.

There are many objects on the surface of the Earth that can influence the air flow. These are
composed of topography, land features such as forests and plantations, and structures such as
buildings. These introduce drag to the wind flow and they are collectively referred to as surface
roughness. They affect the troposphere especially the level between 0.3m to 3km called the
atmospheric boundary layer (ABL). This is where turbulence occur as the winds slowed by surface
roughness mixes with the faster moving winds at higher altitudes within the ABL. The momentum
transfer that happens within the ABL decreases the average wind speed of the layer. This speed

reduction is called the turbulent drag force which is expressed below:

F, U
xTD = —wp-— (16)
m Zi

F. vV

yTD = —wp— (17)
m Z;

Where wr is the turbulent transport velocity and z; is the ABL depth
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For the horizontal motion, all the derived relations can now be substituted to obtain the

following relations:

AU_ AU AU AU 1 AP U a8)
- UV VW o eV v,
AV _ AV AV AV 1 AP y v (19)
- Une Vay Wy S Vv

The centrifugal force may be added in the above equations when there is an expected constant circular
air flow. The turbulent drag force can be expanded to make a better representation of the term and
this will be shown in the governing equations. The simple form for these equations has been derived
as shown by Egs. (18) and (19). To proceed further, it is necessary to mention that mass and energy
continuity applies to the atmosphere meaning that there is conservation of mass and energy. Another
parameter that has to be addressed is the density of the air. The air density varies at different layers
of the atmosphere but, for adjacent layers, these variations are small and may be neglected. This
assumption is called the Boussinesq Approximation which pertains to the condition where the fluid
density p do not vary too much from the mean reference value p, [160]. This assumption is expressed

below:

p=pot+p'(x,y, 2 t) with |p'| < p, (20)

3.2.5 Governing Equations for Geophysical Fluid Dynamics

A more sophisticated form of Egs. (18) and (19) are necessary in order to express the dynamics
of the wind more accurately. This subject matter is part of the field called geophysical fluid dynamics
(GFD) [160]. Recall that the parameters that influence the weather and climate on the planet are the
barometric pressure, wind flow, air density, Coriolis force, turbulence drag and gravity. But the
turbulence drag needs to include the eddy viscosity and diffusivity for a more accurate solution. Taking
into account the continuity of mass and energy as well as the Boussinesq Approximation, the
governing equations of GFD may be derived. The basic unit of analysis for GFD is called air parcel which
is an infinitesimal volume depicted by a cube. This basic unit is depicted in the equations by the partial
derivatives. The momentum equations are expressed in each coordinate of the three dimensional

rectangular system. These governing equations are expressed in the following relations:

X-momentum:

LR L S PR N N (1) D N (P R LT
6t+u6x+v6y+waz fv= poax+ax ‘Aax +6y c"lay +az Ve, (21)
y-momentum:

2 gy By o L0 D (g O0) 0 (00 0 (0
6t+u6x+v6y+waz fu_ p06x+6x cﬂt?Jc +6y ﬂay +az anz (22)
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z-momentum:

0= —Z—Z - pg (23)
Continuity:
Z—Z + g—; + Z—‘/ZV =0 (24)
Energy:
PruPtvZrwl=T(AL)+ 2 (AL)+ (k) (25)

Where po is the reference density, g is the acceleration due to gravity, u is the north-south direction
of motion, v is the east-west direction of motion, w is the vertical motion, f = 2Q sin ¢ (Coriolis
parameter), A,vg, and kg are eddy viscosity and diffusivity coefficients which may be dependent on
flow variables and grid parameters.

There are varying horizontal motion scales within the troposphere. Scales would range from
thousands to several hundreds of kilometres for the macroscale, between 700km to 3km for
mesoscale, and less than 3km to a few meters for microscale [158]. Although the governing equations
are applicable to any horizontal scale mentioned, the turbulence terms have to be expressed more
accurately for scales that are less than 3km. This involves the equations of motion for computational

fluid dynamics (CFD) which will be discussed next.

3.3 Equations for Computational Fluid Dynamics (CFD)

To account for the turbulence more accurately, CFD employs relations that have turbulent flow
elements which may be simplified in the mesoscale model. Expressions that affect large-scale fluid
flow such as the Coriolis Force may be ignored in the microscale level [161]. These are the adjustment
made to produce a solution to the Navier-Stokes equation that is for the microscale.

There are three techniques in solving the Navier-Stokes equations for turbulent flow of
compressible fluids. These are known as direct numerical simulation (DNS), large-eddy simulation
(LES), and Reynolds-Averaged Navier-Stokes (RANS) [162]. DNS takes into account the mean flow and
all turbulent velocity fluctuations in the simulations using unsteady Navier-Stokes equations. LES uses
unsteady Navier-Stokes equations that includes big eddies in the flow but neglects small eddies. RANS
emphasises on the mean flow and how turbulence affects the mean flow properties. The Navier-
Stokes equations are time averaged where extra terms are present to express the interactions
between various turbulent fluctuations. RANS is a finite volume method which is extensively used in
CFD for its flexibility on the technique of discretising physical systems that avoids coordinate

transformation in the computational domain. It is also capable of solving complex geometries and the
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physics and conservation principles of a system are captured by this numerical method [161]. The
system of equations for RANS are listed below:
Continuity:

ap ooy

E+V-(pU)—O (26)

Reynolds Equations (RANS):

0BT | o (e 0P Lo ¢ oo [ 0w apuv)  apwwh
2D+ v (pU0) = -2+ (uVU)+[ " - - ]+5Mx (27)
0PN | o sy 0P o o ooy [0y oy aGuwD)
224V (pV0) =~ 4V (,uVV)+[ - > - ]+5My (28)

_aGwwh _ alv'wh _ alpw
ax ady 0z

20 v (pWT) = — 2L+ V- (VW) + [ '2)] + Sy, (29)

Scalar transport equation:

a(pd) pepy = d(pu'e’) av'e’) a(pu'e)
2+ V- (pBU) = V- ([pVd) + |- ZEE2 - 200 _ZP| 15, (30)

These terms are similar with the GFD expressions in the previous section. The extra terms in square
brackets and last term, S are the added turbulent stresses called Reynolds stresses. To solve these
extra terms, the k-€ model is used as a turbulence closure scheme. The k-€ model widely used in the
industry and has been validated in many instances [162]. This model solves two transport equations
which are the turbulent kinetic energy, k and dissipation rate of turbulent kinetic energy, € [162]. The
governing equations for the model are as follows:

Mean flow kinetic energy, K:

a(pK) R -
5tV (pKU) =V~ (—PU + 2uUS;; — pUujw)) — 2uS;; - Sij + puju) - Si; (31)
The expression above relates the rate of change for K and convective transport of K to the transport
by pressure of K, transport by viscous stresses of K, transport by Reynolds stress of K, viscous
dissipation rate of K, and the destruction rate of K due to turbulence production.

Turbulent kinetic energy k:

d(pK 7 77 7 7 7 T T 7
%+V-(pKU)=V-(—p u +2uusl]—p%ul-ulu])—ZMSU-su—pulu]-Sij (32)

The expression above relates the rate of change for k and convective transport of k to the transport
by pressure of k, transport by viscous stresses of k, transport by Reynolds stress of k, dissipation rate

of K, and the production rate of k.
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Before proceeding to the transport equation for k and €, certain relations must be defined
which are the following:

Rate of Dissipation:

£=2vs, s, (33)
The above expression relates the rate of dissipation per unit volume to the density multiplied by

turbulent kinetic energy dissipation rate per unit mass, €.

Eddy viscosity:
kZ
= Cpvt =pC,— (34)

Now, the transport equations can be presented and they are shown in the following expression:

For k:

d(pk)

%+V-(pkU)=V-[Z—;Vk]+2ut5ij-5ij—pe (35)
For e:

a(pe)

u € £?
2D 1 V- (pel) = V- [G—:Ve] + Cres 20y Sy — Coep = (36)
These relate the rate of change of k or € and the convective transport of k or € to the diffusive transport

of k or g, production rate of k or g, and destruction rate of k or €. The values of the constants are:

Cy =0.09 0, = 1.00 0, = 1.30 C;, = 1.44 C3, = 1.92

The concepts and mathematical methods discussed in this section are used for NWP and CFD software
applications to simulate fluid flow. For this study, the winds are simulated using the mentioned
software to generate wind data that are essential for WRA. The chosen models for the research are

described and discussed in the next section.
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3.4 Mesoscale and Microscale Model Applications

The mesoscale model utilised for this research is the Weather Research and Forecasting (WRF)
Model. It has been found to be capable of simulating wind conditions in many studies [18,98,114] so,
it is the one selected for this study. The WRF is a NWP for mesoscale modelling and there are two
dynamic solvers for the software namely, the Nonhydrostatic Mesoscale Model (NMM) and the
Advanced Research WRF (ARW) [163]. NMM solver is used for operational applications such as
weather prediction while ARW is designed for atmospheric research. The code base of WRF is open
source and written in Fortran and C/C++ language. It can be compiled to run in serial or parallel

computation on x86 desktop systems that can scale to supercomputer systems in a Linux environment.

It is the ARW solver that has been chosen since it is meant for research purposes. Specifically,
the version of WRF used is the Advanced Research WRF Ver. 3.8. In calculations, it uses a terrain-
following coordinate system and solves nonhydrostatic equations for compressible fluid [163]. It is the
governing equations for GFD found in the previous section that is being calculated by the WRF-ARW
solver. The implemented numerical method in integrating the system of equations is the third-order

Runge-Kutta integration scheme [163].

For the microscale model, a CFD model called WindSim is used to run fine spatial resolution
wind simulations. It is the WindSim 9 version that is utilised to do the wind simulations for this study.
WindSim is a commercial software that has been demonstrated to perform adequately in several
publications [143,164] for coastal and small island nations found in the literature. WindSim is a steady-
state model that solves the RANS equations using finite volume method [165]. The turbulence model
implemented are based on the k-¢ models and have been validated with the Bolund Experiment to
ensure its performance. The software is composed of several modules but only the Terrain and Wind
Fields modules are used for mesoscale model coupling. WindSim runs on a Windows environment and

can perform simulations in serial or multicore mode for parallel processing on an x86 workstation.

3.5 Model configuration and design

For this work, the WRF is used to make offshore wind fields around the Palawan Island. The
model is configured using three different settings found to perform well in other studies in the
Philippines [150,151] and Thailand [114] in order to compare each one with observed data. Reanalysis
data and operational data from the National Centres for Environmental Prediction (NCEP) and
European Centre for Medium-Range Weather Forecasts (ECMWF) have been used as input data for
WRF. The specific datasets used are the European Reanalysis-Interim (ERA-Interim), NCEP Climate
Forecasts System Reanalysis (NCEP-CFSR or NCEP-CFS), and the NCEP Final Operational Global Analysis
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Data (FNL). The ERA-Interim reanalysis data encompasses the whole planet as its domain with a 79 km
spatial resolution [166]. Its dataset begins in 1979 and has 60 vertical levels of the atmosphere. NCEP-
CFS is also a reanalysis data that starts its data set in 1979. It has a spatial resolution of around 100
km and has 64 vertical levels [167]. The NCEP-FNL is a global operational data set in contrast to the
other two data set mentioned. It has a 1°x 1° spatial resolution and incorporates real-time weather
observation data into the datasets so that it can be used for weather forecasting [150,168]. The

descriptions of each one are summarised in Table 4.

Table 4. Input Dataset Specifications

Dataset |ERA-Interim | NCEP-FNL NCEP-CFSR
Parameters
Data Type Reanalysis Operational Reanalysis
Spatial Resolution 79 km 1°(~110 km) 100 km
Common Use Diagnostics & |Weather Diagnostics &
Validation Forecasting Validation
Origin ECMWF NCEP NCEP

For the planetary boundary layer (PBL) parameter, there are also three different ones used for
comparison. PBL used for the simulations are Mellor-Yamada-Janjic (MYJ), Asymmetric Convective
Model ver. 2 (ACM2), and Yonsei University (YSU) along with their prescribed surface layer parameters
namely, Eta similarity and revised Mesoscale Model ver. 5 (MM5). In addition, the microphysics
scheme settings utilised WRF single-moment 3-class (WSM3) and 6-class (WSM6) options. These

settings are summarised in Table 5.

Table 5. WRF Configuration Settings

Authors |Dado and Takahashi |Cruz and Narisma|Chancham,
Parameters [151] [150] Waewsak, and
Gagnon [114]
Input Data ERA-Interim NCEP-FNL NCEP-CFSR
Planetary Boundary Layer |[MYJ ACM2 YSU
Surface Layer Eta Similarity Revised MM5 Revised MM5
Microphysics Scheme WSM6 WSM6 WSM3

Although studies reported in [150,151] are focused on rainfall, similar configurations have been used
for wind in other studies [114,149]. Slight modifications have been made to the referred studies in
order to limit the comparison between input data and PBL. The first modification involved enabling
the cumulus parameterization scheme for [151]. The second one is using NCEP-CFSR dataset as input
for [114]. Model setting differences have been narrowed to these two parameters as previous studies
have shown that wind simulations in WRF is highly sensitive to them [148,149]. These minor changes
are similar with the configuration used for other offshore wind research in the South China Sea [98].
Differences with the microphysics scheme has been maintained according to the respective settings

of the prior works as these pertain to the precipitation in the model and not essential for this study.
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The surface layer option had to vary because the PBL parameter selected dictates the compatible
surface layer setting. Other model parameters are kept the same in the three model configurations
selected for this study. Radiation schemes use the Rapid Radiative Transfer Model (RRTM) for long
wave and Dudbhia for short wave. The same land use and land cover parameter using the 30 arcsec US
Geological Survey (USGS) data have been set and the Noah land surface model has been activated for
all simulation runs [114,150,151]. The Kain-Fritsch cumulus parametrisation scheme has been utilised
for all but has been disabled at the third domain since the model explicitly calculates this parameter
for fine resolutions.

There are three domains setup for this simulation in WRF where Domain 1 has the size of
2,430 km x 2,349 km with 27 km grid resolution, Domain 2 has 1,440 km x 1,602 km at 9 km grid size,
and Domain 3 has 462 km x 570 km at 3 km resolution with all domains having an hourly time
resolution. Palawan Island is contained within the third domain. The defined domains for the study

site can be seen in Figure 19.

Figure 19. Domains configured for WRF. Palawan Island is within Domain 3 (d03).

Vertical resolution of the model has been increased to 50 vertical eta levels where the first 9 levels
are within the 200 m height in order to enable WRF to perform better in accounting for the
atmospheric dynamics within the boundary layer [169]. Two-way nesting has been enabled for all the
model runs even for simulations that are configured, as reported in [150], for one-way nesting used

in the study. Simulations were done on the Advanced Research Computing High End Resource
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(ARCHER) supercomputing facility where a Cray XC30 is used to provide high performance computing

services. Some simulations were also done at the supercomputer of ECMWF which uses Cray XC40.

3.6 Sensitivity test and analysis

The WRF has been run on three different settings used in other studies which are summarised
in Table 5. PAGASA weather station in Coron, Cuyo Island, and Puerto Princesa are used for validating
the results. Daily wind speed averages have been calculated from the model output since the obtained
observation data are also daily averages. A scatter plot to compare the performance of each WRF
configuration with measured data is made for validating the wind speeds [113,151]. This chart shows
the accuracy of simulation data in determining the wind speed observed values. A sample chart for

scatter plots is shown below:

Figure 20. Sample scatter plot for simulation and measured wind speed comparison.

The sample chart found in Figure 20 gives the ideal line depicted by the black line. This ideal line
corresponds to the values where the simulated wind speed values are exactly the same as the
observations. Any points above this line are overestimated values generated by the model while the
values below the line are underestimated values produced by the model outputs. It also presents the
percentage error of the WRF simulations results in comparison with the PAGASA wind data. Scatter
plots will be used extensively in Chapter 5 for the comparison and analysis of mesoscale model results

from this study.
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The root-mean-square error (RMSE) of wind speeds are calculated in order to know how much
the model results deviates from the measured data [144,149,150]. RMSE is determined using the

following equation:

1 N ( .
RMSE = |— Sim_ ObS)2 37
\/ N Z us™-u (37)
where U™ is the simulated wind speed and U°® is the measured wind speed in m/s.

The bias of the results are also to be determined to see if the model has a tendency to overestimate

or underestimate the wind speeds [18,20,127,144]. This is given by the relation that follows:

Bias = — XN, (U™ — U°P%) (38)

A third quantity known as the standard deviation of the error (STDE) is also calculated to determine
the error variability from the mean value of the wind [20,121,127]. This is expressed in the equation

below:

STDE = VRMSE? — Bias? (39)

Wind direction are analysed with monthly averages in order to see the seasonal trends and determine
the predominant wind direction which is essential for WRA of wind farms [76].

Wind maps at 80 m above ground level are generated to determine the areas with good wind
resources. This is the height selected since commercial wind turbines commonly have 80-m hub
heights [164]. The wind maps are to be generated using the mesoscale model results with the
configuration found to be suitable to the study area based on the sensitivity and validation analyses.
The WRF results are to be processed using the NCAR Command Language (NCL) for producing the
maps. NCL is the supported scripting language by the WRF model at the time this research is being
carried out but the model outputs may be post-processed using other languages such as Python. These
wind maps will also be used to determine the sites to be downscaled for fine spatial resolution wind
simulation with a microscale model.

The computational fluid dynamics (CFD) is implemented as the microscale model in this study
since mesoscale models cannot resolve spatial resolutions that are smaller than 1km. Fine spatial
resolution wind simulations are necessary in order to determine the wind profiles of waters near the
shore since wind flow is affected by local physical dynamics and coastal topography [10]. The CFD

model used is WindSim 9 and this software is developed for the wind energy industry.
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3.7 WindSim Simulations

The 3km x 3km grid resolution WRF model output are further downscaled to produce fine
resolution wind simulation results. Wind observations aboard a ship from the 7SEAS campaign in
Palawan are analysed and categorised to select the locations for the model validation. These
campaigns were carried out in the month of September in 2011 and 2012. This particular month was
selected for the aerosol measurement campaign in Palawan because of the Southwest Monsoon
phenomena which is of interest to atmospheric science research [152,153]. Stationary positions
during the campaign that have wind measurements of at least 24-hour period and situated outside
pier or bay areas are chosen for the validation. The selected sites are Balabac Island, North Guntao
Island, Notch Island, South Guntao Island, Tubbataha North Reef, and Tubbataha South Reef.
Statistical error analysis are to be performed to the grid of the WRF model output with the closest
coordinates for each site selected. This is necessary for the determination of which simulation results
from the three WRF configurations are closest to the measured wind values from the ship
observations. The WRF results that have the least error value are selected as input for WindSim.

Simulation domain of WindSim is generated using the WindSim Express software. With that
application, the coordinates of the domain to be simulated can be defined. The terrain and surface
roughness data are also selected in this program before generating the domain for CFD simulations.
In this study, the Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital
Elevation Map (ASTER GDEM) is used and the surface roughness is the Vegetation Continuous Fields
(VCF) Tree Cover dataset. ASTER GDEM has a spatial resolution of 1 arc second while the spatial
resolution of VCF is 500 m.

There are sensitivity test to be done for these WindSim simulations as well since there are a
number of model configurations available that must be set according to the study area. A general flow
of the process is to be discussed here and more details along with explanations of these sensitivity
test results can be found in Chapter 5. Since the WindSim model will be used to downscale mesoscale
model results, it will be configured accordingly because the default options for the model are for long-
term wind observations with multiple levels. When using mesoscale models, the simulations may be
initialised with the temperature from the mesoscale results. This is the first parameter to be tested
for sensitivity as it has been determined that stable atmospheric conditions do not need this while
moderately stable and unstable conditions would require this temperature initialization [170,171].
CFD models are also sensitive to grid resolution as they are found to change their results depending
on the mesh size [143,162,164]. The spatial resolution will be varied with resolutions of 152m, 76m,
and 38m by changing the number of maximum cells by 100,000, 500,000, and 1,500,000 respectively

for the simulations. The boundary layer height and wind speeds above it are to be set according to the
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literature. This is determined to be approximately around 1,500m for regions in the tropics [143,152].
This value for the boundary layer height was used by Dhunny, Lollchund, and Rughooputh [143] for
their wind energy evaluation of Mauritius using WindSim. Experimentally, this is the boundary layer
height that Reid et al. [152] found on their 2011 aerosol campaign in Palawan Island with the Navy
Global Atmospheric Prediction System and the Cloud-Aerosol Lidar with Orthogonal Polarization data.
The wind speed above the boundary layer height is set at 10 m/s which is the value found by Reid et
al. [153] at the said altitude in their 2012 Palawan Island aerosol campaign. The last model parameter
that will be part of the sensitivity test is the turbulence model. Wind energy studies that use WindSim
have either found that the standard k-¢ or the k-¢ RNG best suits their study area [136,137,143,164].
Taking into account geographical and atmospheric conditions that are similar with the Philippines
among the published studies [136,137,143,164], the standard k-¢ has been used by Waewsak et al.
[164] in Thailand and Dhunny, Lollchund, and Rughooputh [143] found that k-€ RNG gives the best
results in Mauritius. Thus, the sensitivity tests will involve the use of standard k-& and k-¢ RNG

turbulence models. The flow chart in Figure 21 summarises the flow for the wind simulations.

START
Simulation using
CFD model
(WindSim)
Reanalysis/
Operational
Data
38 m X 38 m grid
wind data
Simulation using
mesoscale model
(WRF)
END

3 km X 3 km grid
meteorological
data

Figure 21. Flow chart for wind simulations

Figure 21 illustrates the wind simulation work flow briefly. The generated data from each simulation

output are the ones being validated in this study. Comparison between the WRF results and WindSim
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outputs are made in order to see the improvements in simulation from CFD models. This comparison
will involve the best performing WRF configuration and WindSim configuration that is found to be best
suited for each selected site from the 7SEAS aerosol campaign. The results will form the basis for the
wind resource assessment of Palawan Province and present a method for wind characterisation of

sites with short-term offshore wind observations.

Wind power production potential will be based on the standard classification used in wind

industry [53]. A summary of the wind potential classification is given in the table below:

Table 6. Wind classification standard to determine wind potential of an area

Class | Average Wind Speed (m/s) | Wind Energy Division

1 0-4.4 Indigent Area

2 44-51 Available Area

3 5.1-5.6 Subrich Area

4 56-6 Rich Area

5 6-6.4 Rich Area

6 6.4—7 Rich Area

7 7-9.4 Rich Area

The determination of a site’s wind resource potential will be based on Table 6. These will guide the

wind simulation results in identifying areas with good wind resource.

3.8 Summary

Palawan Province of the Philippines has been selected as the study area because it is located
within the low latitude area and it is composed of multiple small islands. It is also situated in the South
China Sea which is an area of active offshore wind development as discussed in Chapter 2 because it
possesses good offshore wind resource. An onshore WRA for the Philippines has also shown that
Palawan is one of the islands that has potential for wind farm development [16]. Before performing
the wind simulations, observation data have been gathered because any simulation requires
validation in order to determine the model performance. Three onshore weather stations from
PAGASA for 2010 — 2012 have been obtained. These stations are located in Coron Island, Cuyo Island,
and Puerto Princesa. For offshore wind measurements, the 7SEAS campaign has been used for the
validation. The campaign deployed a ship to measure aerosols and meteorological conditions around
Palawan Province in 2011 and 2012 on the month of September [152,153]. Since the ship sailed
around the province, sites have been selected for validation based on the length of observation at a
location. The periods when the ship was stationary and had 24-hour duration of continuous
observations are the criteria for site selection for validating the wind simulations. Balabac Island,

Guntao Islands, Notch Island, and Tubbataha Reef were selected based on the two criteria mentioned.
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A mesoscale model, called the WRF-ARW, was used for this work as the NWP model which
has been extensively used for wind profile studies as presented in Chapter 2. Three different
configurations of the model were used to simulate the wind patterns over Palawan. This is necessary
because models must be adjusted to the configuration that is suited for a location which can be
determined by validating them with observed data. The configurations used for the research have
been discussed in this chapter. The mesoscale model results were validated with the PAGASA data for

the long-term performance then, with the 7SEAS observation for short-term performance.

There are limitations with the capabilities of mesoscale models because they have relatively
coarse resolution and topography are simplified by smoothening [149] therefore, it experiences
difficulty in simulating coastal regions. Atmospheric dynamics that occur in the microscale such as the
interface of land and sea are also not modelled well with mesoscale models [20]. This necessitates a
model that can simulate coastal areas such as microscale models which must be coupled with the
mesoscale model. Coupling the models would involve the mesoscale model results to be used as input
data to drive the microscale model simulations. A CFD model, called WindSim, has been chosen as the
microscale model because it is capable of incorporating complexity in the terrain [136] and found
capable of simulating wind conditions on small island nations [143]. Prior to coupling the two models,
the appropriate mesoscale model configuration data have been determined through validation with

offshore observations from the 7SEAS data.
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4 IMPLEMENTATION

The details in doing the research are discussed in this chapter. It covers the process of seeking
in-situ measurements used for validation, gathering data for driving the mesoscale model,
configuration of the models, running simulations, data extraction, and wind map generation. This will
serve as the documentation for performing WRA on areas that have limited data availability on wind

velocity.

4.1 Data gathering

Actual measurements for Palawan Province are required for the validation of the wind
simulations for this study. The 7SEAS campaign wind data is the starting point in determining the winds
at offshore locations around Palawan. Dataset from the meteorological tower aboard the ship for the
said campaign were obtained from the Manila Observatory. Since the 7SEAS wind measurements were
only made for a few days at selected locations, these are not sufficient to validate the wind models
used in this study. In order to see the performance of the model, a long-term observation is needed
for validation. This required requesting data from the PAGASA for wind data from the three weather
stations operated by the agency in Palawan Province. The data received are for the years of 2010 —
2012. These are the years that overlap with the 7SEAS campaign so, they were asked from PAGASA in

order to allow comparisons with offshore data.

The quality of the data had to be assured so, tidying of the data received were done prior to
using them for model validation. To do this, the data were reviewed in order to see their suitability
for the purpose of the study. The PAGASA data had days at Cuyo Island station where there are no
data available so, those days were eliminated for analysis. The ship wind data from the 7SEAS
campaign had to be segregated between dates where the ship is in transit and stationary. On periods
when the ship is moving from one location to the next, wind observations were not used for this study.
During times when the ship is anchored, the locations where the ship is docked at ports are not used
since there are features and structure on land that will influence the wind measurements. Offshore
locations where the ship is stationary are filtered according to the number of days where continuous
measurements were made at the site. Locations where there are less than a day of measurements
were discarded because short-term observations that lasts a few to several hours will not be

meaningful.

When running the WRF model, it is necessary to use reanalysis or operational data to initialise
the simulations. This required downloading the datasets of ERA-Interim, NCEP-CFS, and NCEP-FNL.
Downloading the datasets requires logging into the web portal and defining the region that data is to

be downloaded. A sample page is shown in Figure 22.
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Figure 22. Download page for reanalysis and operational data sets from UCAR.

The downloaded data are stored in a workstation which are then used as input data for the
mesoscale model. The reanalysis data and operational data are transferred to the high-performance

computing facility of ARCHER and ECMWF.

4.2 Performing Mesoscale Wind Simulations

The WRF has three components that needs to be executed in order to generate and extract the
wind data. These components are the pre-processing, simulation, and post-processing. Pre-processing
involves setting up the model domain, terrain data, and initial/boundary conditions data. Simulation
is the part when the model is running in order to calculate the atmospheric conditions within the

chosen domain. Post-processing is the component where the simulation results are extracted for
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analysis and visualisation. For simplicity, the serial processing mode on a workstation will be discussed

here but the steps are the same for parallel processing in a supercomputer.

In the pre-processing, the namel i st_.wps must be configured. A complete listing of the file
may be found in the Appendix. The number of domain nests, simulation dates, and dataset to be used
as input data are to be indicated in the name l ist.wps file. When this is done, the geogrid.exe
is to be run to generate the terrain data, land-use, and domain boundaries. When in the proper

directory, the following command is to be typed in the console:
./geogrid.exe

If the program runs successfully, the following message will appear:

Processing ALBEDO12M
Processing GREENFRAC
Processing LAI12M
Processing SNOALB
Processing SLOPECAT
Processing SLOPECAT
Processing CON
Processing VAR
Processing OAl
Processing OA2
Processing 0OA3
Processing OA4
Processing OL1
Processing OL2
Processing OL3
Processing OL4
Processing VAR _SSO
Processing LAKE_DEPTH

1 Successful completion of geogrid. 1
RN NN RN RN RN RN NN R RN R R R RNy

The downloaded dataset to be used for the simulation should be linked into the working directory.
This is done by using the ./Z11ink_csh command followed by the directory location of the dataset.
A file named VTab e must be a symbolic link to the proper data table that corresponds to the linked
dataset to be read. This will allow the program to determine the data format of the dataset properly.
After running this program, the ungrib.exe program must be executed in order to unpack the

downloaded datasets. In the same directory, the following command is to be entered:

./ungrib.exe
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When the program is finished, the message that follows should appear:

2016-06-21 13:23:47.

2016-06-21 13:23:47.

fill In any missing

2016-06-21
2016-06-21
2016-06-21
2016-06-21
2016-06-21
2016-06-21
2016-06-21
2016-06-21
ungrib. ..

2016-06-21
2016-06-21
2016-06-21
2016-06-21
2016-06-21

*x*k

482 ———

645 --- Subroutine DATINT: Interpolating 3-d files to

data...
13:23:47.645 --—- Looking for data at time 2016-06-19 00
13:23:47.645 --- Found file: FILE-2016-06-19 00
13:23:47.645 --- Looking for data at time 2016-06-19 06
13:23:47.645 --- Found file: FILE-2016-06-19 06
13:23:47.645 --—- Looking for data at time 2016-06-19 12
13:23:47.645 -—- Found file: FILE-2016-06-19_12
13:23:47.645 --- End Subroutine DATINT.
13:23:47.645 —-- Fx** Deleting temporary Tiles created by
13:23:47.645 -—- Deleting file: _/PFILE:2016-06-19_00
13:23:47.672 -—- Deleting file: _/PFILE:2016-06-19_06
13:23:47.697 --- Deleting file: _/PFILE:2016-06-19_12

13:23:47.722 ——-
13:23:47.722 ——-

****  Done deleting temporary files.
*** Successful completion of program ungrib.exe

With the geography data and the unpacked input data, these are to be merged by the metgrid.exe

program and convert them into the format that is compatible with WRF. The command to be entered

in the console is:

./metgrid.exe

The following message should show in the console when the program is done:

Processing domain 1 of 2

Processing 2016-06-19 00

FILE

Processing 2016-06-19 06

FILE

Processing 2016-06-19 12

FILE

Processing domain 2 of 2

Processing 2016-06-19 00

FILE

Processing 2016-06-19_06

FILE

Processing 2016-06-19_12

FILE

I Successful completion of metgrid. !
RN RN RN R RN RN RN R RN RN

Now, the wind simulation configuration file must be modified to the appropriate values based

on the namel 1st.wps and the number of vertical levels. The generated files by the metgrid.exe

must also be transferred or linked to the working directory. The working directory must be changed

to the proper WRF directory to edit the namel ist. input file which contains the configuration for

the WRF simulation. The dates, domain boundaries, and nesting values in the namelist.input
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must be consistent with the namel ist.wps. The complete listing of namel Ist. Input used in

this study can be found in the Appendix.

The first part of the simulation run involves generating the initial conditions of the atmosphere. This

is done by the real.exe program. To do this, the following command should be entered:
-/real _exe

When the program is finished, the following message should appear on the console:

d01l 2016-06-19 12:00:00 Timing for processing 0 s.
d01l 2016-06-19 12:00:00 Timing for output 0 s.

d01l 2016-06-19 12:00:00 Timing for loop # 1= 0 s.
d0l1 2016-06-19 12:00:00 real_em: SUCCESS COMPLETE REAL_EM INIT

The initial condition files are generated when real .exe runs successfully and the proper WRF

simulation can be started. The simulation will begin upon execution of the following command:
/wrf_exe

When the WRF runs successfully and finishes the simulation, the log files would contain the following

messages:

Timing for main (dt= 26.58): time 2011-05-01 _00:00:00 on domain 3:
0.31438 elapsed seconds

Timing for Writing wrfout dO03 2011-05-01 00:00:00 for domain

3: 3.24085 elapsed seconds

Timing for main (dt= 53.15): time 2011-05-01_00:00:00 on domain  2:
4.27884 elapsed seconds

Timing for Writing wrfout_d02_ 2011-05-01_00:00:00 for domain

2: 2.70046 elapsed seconds

Timing for main (dt=106.31): time 2011-05-01_00:00:00 on domain 1:
8.17225 elapsed seconds

Timing for Writing wrfout dOl1 2011-05-01 00:00:00 for domain

1: 1.69815 elapsed seconds

wrf: SUCCESS COMPLETE WRF

From here, post-processing can be done to the output files. These can be read by several programs
and the NCL language is used for this study to do the data extraction and visualisation. The scripts
written for these tasks are listed in Appendix 7. These output data are used for making the wind maps

and also pre-processed to become input data for the microscale model. These are all made possible

by the NCL scripts that have been written for this research.

To generate the wind maps, it is important to initialise the work environment so that the NCL
scripts can be executed propertly. This can be done by the WRF_init.sh which is also listed in Appendix

7. Running this initialisation to the console is indicated at the second line in Figure 23.
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Figure 23. Initialisation for NCL and running NCL script to generate wind maps.

After doing the initialisation, the target WRF output file that contains the desired wind data must be
indicated into wrf_Etalevels_color.ncl before running the script. When that is done, NCL

script for wind mapping can be executed and generate the wind maps as shown in Figure 24.

Figure 24. Execution of NCL script to generate wind maps

87



4.3 Performing Microscale Wind Simulations

In this work, a CFD model called WindSim has been used to produce fine spatial resolution wind
simulations. To do that, the Terrain and Wind Fields module of the software has been utilised. A
project must be created to begin the simulations and this can be generated from the WindSim Express
software. This may be opened in the full WindSim application and the Terrain Module may be run to

generate the topography of the model. A screenshot can be found in Figure 25.

Figure 25. Terrain module of WindSim

After the Terrain module, a typical WindSim run would proceed to the Wind Field module immediately
when wind observation data are available. Since the study involves coupling the mesoscale model with
the CFD model, the mesoscale model results must be converted into input data for the WindSim

program. A data import tool is available within the program which is shown in Figure 26.
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Figure 26. Data import tool for mesoscale model results

The WRF outputs that has been extracted using the NCL script are to be converted into xyz file. These

are to be saved with the file name mesofieldxxx as shown in Figure 27.

Figure 27. Screenshot of saving extracted mesoscale output data into xyz file
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The import tool within WindSim, as shown in Figure 26, is to be executed which will open the console

window shown in Figure 28.

Figure 28. Opening screen of import tool

The data needed by the program are to be given through the console. These are shown in Figure 29
and Figure 30. The program asks for the number of files to be converted and the naming convention

as presented in Figure 29. It also asks for the path of the folder where the xyz file is located.

Figure 29. Screenshot of xyz importt tool requesting file path, quantity, and naming format

In Figure 30, the import tool also asks for the starting x and y coordinates of the Terrain module. It

also confirms which digital terrain model file it must access.
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Figure 30. Screenshot of xyz import tool requesting starting coordinates of domain and terrain file

After giving all these inputs, the import tool will proceed to convert the xyz file into dws file. The dws
file is the wind data that is compatible with the Wind Field module. A successful conversion will show

a message such as presented in Figure 31.

Figure 31. Screenshot of xyz import tool successfully converting xyz to dws file

Having imported the mesoscale model data, the Wind Field module can be started to perform the CFD

simulation. A screenshot when the Wind Field module is running can be seen in Figure 32.
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Figure 32. Screenshot of Wind Field module during a simulation run

The results of the WindSim simulations are stored in xxx_red.phi for the wind flow and
dtm.pho for the topography. These are to be processed using Matlab so that the wind fields can be
visualised and extracted for analysis. The Matlab scripts used are listed in the Appendix. A screenshot

of the post-processing using Matlab is shown in Figure 33.

Figure 33. Screenshot of post-processing WindSim results with Matlab

The extracted data from Matlab are used to validate the WindSim results with the 7SEAS observations.
All of the results from the mesoscale and microscale model are to be presented and discussed in

Chapter 5.

These simulation work flow can be done for different areas and forms a guide that may be
used for low latitude areas and small islands. A detailed wind simulation work flow is depicted in Figure

34. It can serve as an overview of the entire process that was done in this research.
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Figure 34. Wind simulation flow for mesoscale and microscale model

The necessary data for the simulations and essential observation data for validation are also outlined

in Figure 34. The suitability of the generated wind data in this study are to be analysed in the next

chapter.
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5 RESULTS AND ANALYSIS

The mesoscale wind simulation results has undergone sensitivity tests and validation. These
tests has involved varying the configuration of the model and using different reanalysis and
operational data as input for the simulations. Details of these model settings have been discussed in
Chapter 3. The subsequent sections show the different charts that compare the wind observations to
the mesoscale results where the model used is the WRF. In another section of this chapter, the
microscale model results are to be discussed. It will involve the parameter sensitivity of the WindSim
CFD software that is used as the microscale model for this study. Then, a comparison in the
performance between the mesoscale and microscale model are to be done to demonstrate the
limitations of the mesoscale model in simulating low wind speeds in complex terrain and show that
the microscale model integrated with mesoscale can be used to overcome that limitation. In turn, the
limitation of microscale models for simple terrain will be discussed and how the mesoscale model is

adequate in such cases.

5.1 Mesoscale Model

The wind speeds and wind direction are to be compared with the PAGASA stations in order to
show the long-term and seasonal performance of the mesoscale model. This comparison will involve
monthly wind speed scatter plots and monthly wind direction averages. This covers the years of 2010
to 2012 from the stations of Cuyo, Coron, and Puerto Princesa. These charts demonstrate that the
WRF simulation results are capable of capturing the predominant wind flows in terms of direction but
the wind speeds are generally overestimated. On the scatter plots, the black line depicts the ideal case
where the simulation wind speed values are exactly equal to the measured values. Data points above
the line are instances where the model results overestimate the wind speed while points below the
line are model outputs that underestimate the wind speed observed. A more detailed discussion on
scatter plots can be found in Section 3.6 (Page76). The errors on the simulations have also been
quantified using root mean square error (RMSE), bias, and standard deviation error (STDE). These
statistical tools have been discussed in Chapter 3. RMSE is needed so that the usual error value of the
simulated results compared to observations can be known. Bias values allows the determination
whether the errors are overestimates or underestimates of the measured wind velocities. Finally,
STDE presents the deviation of simulated results from the mean which can show the long period cycle

trends in the wind profile such as daily, monthly, or seasonal trends.

5.1.1 Mesoscale Model Wind Speed Results

Simulation runs on the mesoscale model has been done for the years of 2010, 2011, and 2012.

The wind speeds in the simulation has been compared with the measured data from PAGASA [172].
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The charts that show these model outputs in comparison with weather station data are found in the
figures that follows. Charts with significant results are shown here but the rest of the figures are found
in the Appendix. In the succeeding discussion, mesoscale model settings will be referred by the name

of input dataset for readability and brevity but the complete settings are in Table 5 of Chapter 3.

Figure 35. Scatter plot of different WREF model settings with PAGASA station data in Cuyo Island for January
2010.

For January months of 2010 — 2012, Coron and Cuyo simulations have the tendency to
overestimate the wind speeds based on the scatter plots such as in Figure 35. This is also visible from
the bias values of the two sites found in Table 7. NCEP-CFS and NCEP-FNL are slightly better than the
ERA-Interim in Coron but majority of the model daily wind speed average are much higher than the
observations. Table 7 presents that the RMSE and STDE values for ERA-Interim are higher by a small
margin to the NCEP-CFS and NCEP-FNL at Coron Island. NCEP-FNL performs better than ERA-Interim
and NCEP-CFS in Coron for January 2010 since it has the lowest RMSE, bias, and STDE values. For Cuyo
Island, the NCEP-CFS has the smallest RMSE, bias, and STDE than the other two configurations.
Overestimation can be as much as 5 — 6 m/s as shown in Table 5 for Coron and Cuyo. There are slight
deviations from these values for January 2011 but not significant in terms of model performance.
Thus, there is difficulty for the mesoscale model to simulate Coron and Cuyo Island for January. This
is brought about by the low wind regime in the two islands since there are many days when the winds

are less than 4 m/s. These low wind speeds are found to be overestimated by mesoscale models [20].
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Table 7. January 2010 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 30.16 |5.42] 29.67 | 28.84 | 5.17 | 28.37 | 29.92 |5.37 | 29.44
Cuyo Island 35.00 |6.29| 34.43 | 36.38 | 6.53 | 35.79 | 3492 | 6.27 | 34.35
Puerto Princesa 6.64 |1.19| 6.53 8.13 | 1.46 | 800 | 533 [096]| 524

Figure 306. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for
January 2012.

Looking at the plot in Figure 36, this presents the widest band of daily average wind speed
from all the measurements obtained from PAGASA. This also yields the best simulation for Puerto
Princesa on the month of January. There are still more overestimation of the wind speeds than
underestimation being generated by the mesoscale model. Comparing the different model settings, it
shows that ERA-Interim and NCEP-FNL produce the highest wind speed value difference to the
observations. This also shows in Table 8 because ERA-Interim and NCEP-FNL have high bias values. On
the other hand, the NCEP-CFS configuration have a tendency to cluster closer to the ideal line along
with the least RMSE, bias, and STDE values that can be seen in Table 8. Thus, it is the NCEP CFS that

gives the best wind profile of Puerto Princesa for January months.
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Table 8. January 2012 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 26.54 |4.77 ] 26.11 | 25.06 | 4.50 | 24.65 | 28.16 | 5.06 | 27.70
Cuyo Island 30.57 [5.49|30.07 | 33.37 |5.99| 32.82 | 30.73 | 5.52| 30.23
Puerto Princesa 458 [0.82| 450 | 3.56 [0.64| 3.51 1.90 [0.34| 1.87

All three simulation results have similar wind speed value range for the three sites. When considering
the model performance for Puerto Princesa, it is apparent from Figure 36 that the three models are
better in simulating the area compared to Coron and Cuyo. This is also shown by the lower RMSE, bias,
and STDE values calculated found in Table 7 and Table 8. Although they are still overestimating the
wind speeds, the difference is smaller and at times there are underestimation. The higher wind speeds
experienced in January for Puerto Princesa allowed the mesoscale model to yield a good wind profile
of the area. The wind speeds between 6 — 8 m/s from the observations are modelled well since these
are within the range where the mesoscale model can effectively determine wind characteristics [18].
NCEP-CFS and ERA-Interim perform well for this site on this month while NCEP-FNL have higher wind
speed values overall from the bias with higher RMSE and STDE values. The dynamic range of NCEP-
CFS and NCEP-FNL is better than the ERA-Interim since there are daily averages where the ERA-Interim
yields twice the measured values. When looking at the range and the magnitude of daily average
difference between simulation and observation, the NCEP-CFS offers the best results for Puerto
Princesa.

The simulation results of February months for Coron Island and Cuyo Island are very similar
with the January months. These are quantified in Table 9 and Table 10 because the values are similar
in addition to the similarity between the scatter plots that can be seen in the Appendix 1. The generally
overestimated values can be seen in Figure 37 where even days with zero wind are shown to have 2
m/s to almost 5 m/s. This presents the fact that the mesoscale model is always producing winds and

unable to reproduce lull moments.
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Figure 37. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for February

2011.

The three model configurations have performed better than the January months simulations

because there is lower RMSE, bias, and STDE across the three settings. But the overestimation by the

WRF model persists here so, the mesoscale model have trouble modelling the wind at Coron and Cuyo

Island for February months. This for the same reason that there are low wind speeds in the region

since all are below 4 m/s and these are values that the mesoscale model overestimates which also

happens in the January months. Looking at Figure 38, the simulations show a markedly better

performance as the dynamic range and difference of daily averages with measurements are smaller.

This is also reflected in Table 9 because the RMSE, bias, and STDE are lower than the January values

especially for the Coron Island which is significantly lower.

Table 9. February 2011 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 17.01 |3.22]16.71 | 17.18 |3.25|16.87 | 17.78 |3.36| 17.45
Cuyo Island 37.56 |7.10] 36.89 | 39.76 | 7.51 | 39.05 | 39.38 | 7.44 | 38.67
Puerto Princesa 9.61 [1.82] 943 | 786 |149] 7.72 | 6.69 |1.26| 6.56
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Figure 38. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for
February 2012.

The scatter plot in Figure 38 presents that the mesoscale model is capable of simulating the Puerto

Princesa site for February. This is also true in some cases when there are low wind speeds in February

as can be seen in the Appendix 1. Wind speeds that are 4 m/s or below are overestimated which is

also characteristic in the January months. The NCEP-CFS gives the best performance for this site since

it has the smallest RMSE, bias, and STDE values compared to ERA-Interim and NCEP-FNL where the

typical values are listed in Table 10. It is noticeable that there is a slightly lower maximum daily wind

speed average in February compared to January. This is because of the weakening of the Northeast

Monsoon which is strong in January months for the Philippines [154].

Table 10. February 2012 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 2526 [4.69]24.82 | 26.78 |4.97 | 26.31 | 26.33 | 4.89 | 25.88
Cuyo Island 29.21 [5.42]28.70 | 30.55 | 5.67]30.02 | 27.44 | 5.10] 26.96
Puerto Princesa 380 |0.71] 3.73 | 6.02 |1.12| 591 | 2.87 |0.53| 2.82

The month of March at Coron Island has proven to be difficult for the mesoscale model as

shown by the results for 2010, 2011, and 2012. None of the model configurations is better than the

other for this since they all have the same range of daily wind speed average values as shown in the
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Appendix 1. The values in Table 11 are similar to the RMSE, bias, and STDE values for March 2011 and
March 2012 that are quite high so, the inability of the model is evident here. There is the occurrence
of overestimation in Coron Island and this overestimation is also shown in the bias values for Cuyo
Island in Table 11 that ranges from 5.13 — 5.69 m/s. Thus, the simulation performance for March is no
better than the results for February months for Coron and Cuyo. Once again, the low wind speed
regime in Coron and Cuyo Islands are yielding the large deviation between measurements and

simulations because of the tendency of the mesoscale model to overestimate these wind speed range.

Figure 39. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for March
2010.

Table 11. March 2010 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 25.50 | 4.58| 25.09 | 23.22 | 4.17 | 22.84 | 23.95 | 4.30 | 23.56
Cuyo Island 28.54 |5.13] 28.08 | 31.69 | 5.69 | 31.17 | 30.36 | 5.45 | 29.87
Puerto Princesa 1.70 |0.31| 1.67 | 2.80 |0.50 | 2.75 | 0.06 |-0.01| 0.06

For Puerto Princesa, the simulations are underestimating and overestimating the daily wind
speed averages in a more equal distribution as shown by Figure 39. ERA-Interim tends to overestimate
observed values at 3 m/s while giving a more equal distribution of overestimates and underestimates
for higher wind speeds. NCEP FNL has a more equal distribution for wind speeds at 3 — 4 m/s but

overestimates winds at 5 m/s. NCEP CFS vyields an equal distribution for any wind speeds at Puerto
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Princesa for March so, it is the best performing mesoscale model configuration here. This good
performance is also evident with RMSE, bias, and STDE to be almost zero as enumerated in Table 11.
The relatively higher daily wind speed average in Puerto Princesa, compared to Coron and Cuyo,
enables the mesoscale model to perform better at this location. There is a decrease in daily wind
speed average in March compared to January and February since this is the time when hot-dry season
begins in the Philippines and the Northeast Monsoon weakens further.

On the April months, the Coron Island simulations are slightly better when compared with the
Cuyo Island results even though a few daily averages for Cuyo are close to the observed daily averages.
This is because when considering Table 12 and Table 13, it can be seen that the RMSE, bias, and STDE
for all configurations are lower or similar at the Coron site than at Cuyo. The Puerto Princesa
simulations demonstrate similar performance as with the simulations for the month of March. The
results from NCEP CFS and ERA-Interim are better than the NCEP FNL since this model setting
produced some values that have the highest difference with the measured daily wind speed average.
This is consistent with the RMSE, bias, and STDE values in Table 12 where it can be seen that NCEP-
FNL is higher than the two settings. The RMSE, bias, and STDE are lowest for NCEP-CFS as shown in
Table 12 and Table 13 thus, it is the best configuration for Puerto Princesa for the months of April.
Some of the scatter plots for April are shown in the following figures to further discuss the model
performance.

In the figures that follow, it shows that there is a lower average daily wind speed compared
to the months of January to March. This is because the Northeast Monsoon has ended and winds are
coming from the West Pacific Ocean at this time of the year which are called the Easterlies [155].
These winds are weaker compared to the winds generated by the Northeast Monsoon in the
Philippines. Thus, there is a decrease in average wind speeds in all the sites under study as will be

shown in the charts.
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Figure 40. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for April
2011.

At Puerto Princesa, the wind speeds for April 2011 as seen in Figure 40 have similar dynamic range as
April 2010 of 2 m/s to 5 m/s. Although the overall model performance is the same with the results
from the April 2010 simulations, it is apparent that the NCEP-CFS gives better output than ERA-Interim
and NCEP-FNL. This is also evident in Table 12 where it shows that the calculated RMSE, bias, and STDE

values are almost zero for the NCEP-CFS.

Table 12. April 2011 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 19.32 |3.53 | 18.99 | 18.34 | 3.35| 18.03 | 18.40 | 3.36 | 18.09
Cuyo Island 2438 |4.45|2397 | 27.42 |5.01|26.96 | 26.35 | 4.81| 25091
Puerto Princesa 344 |0.63| 338 | 1.80 |0.33| 1.77 | 0.03 |0.01| 0.03

There is a notable improvement in the simulations of Coron Island for April 2012 which can be seen in
Figure 41. When compared with April 2010 and April 2011, NCEP-CFS and ERA-Interim have performed
essentially the same but the NCEP-FNL have shown a drastic improvement. Table 13 also shows the
low error and bias values for NCEP-FNL configuration that reflects the good model performance. The

NCEP-FNL configuration outputs are densely bunched together near the ideal line with the lowest
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RMSE, bias, and STDE values thus, it is the most suited settings for the mesoscale model in simulating
Coron Island for April 2012. Another simulation result with a remarkable improvement is with the
output of WRF for April 2012 at Cuyo Island that appears in Figure 42. When the April 2012 results are
compared with April 2010 and April 2011, it shows that all the three configurations for 2012 gave
better results because of lower overestimation magnitude than the 2010 and 2011 model output for
April. All three configurations also have lower RMSE, bias, and STDE values compared to the April 2010
and April 2011 values. NCEP-CFS is the better configuration than ERA-Interim because the data points
from ERA-Interim gives higher difference between the observations and simulations. The NCEP-FNL is
the best configuration for April 2012 at the Cuyo Island site because it is heavily clustered near the
ideal line of the scatter plot along with the fact that the RMSE, bias, and STDE values are smallest

among the three model settings.

Figure 41. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for April
2012.
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Figure 42. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for April
2012.

Figure 43. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for April
2012.
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Measured daily wind speed averages at the Puerto Princesa station have decreased for April 2012,
found in Figure 43, compared to April 2010 and April 2011. The Aprils of 2010 and 2011 have wind
speed ranges of 2 — 5 m/s while April 2012 has dropped down to the 1 — 3 m/s range. There is also an
improvement in the WRF modelling performance with the NCEP FNL configuration for April 2012. The
NCEP-FNL model settings have generated daily wind speed average values that are grouped together
close to the ideal line. It also has the least RMSE, bias, and STDE values among the three configurations
enumerated in Table 13. Therefore, NCEP-FNL is capable of simulating the wind profile at Puerto
Princesa for April 2012.

The generally low wind speeds for April months show that limits of the mesoscale model in
simulating winds below 4 m/s again especially for the Coron and Cuyo Islands. The daily average wind
speeds in those areas have a maximum of 3 m/s which are below the wind speed range that the
mesoscale model is capable of simulating. So, the model performance and yielded results are expected

to produce high bias and error values as listed in Table 13.

Table 13. April 2012 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 20.06 |3.66 | 19.72 | 3.47 |0.63 | 3.41 | 20.34 |3.71| 20.00
Cuyo Island 20.00 |3.65]19.66 | 5.78 |1.06| 5.68 | 18.04 |[3.29|17.74
Puerto Princesa 535 098] 526 | 0.11 [-0.02] 0.11 | 0.51 ]0.09] 0.50

The month of May is a transition between the Easterlies and the Southwest Monsoon. This
change has no meaningful effect in terms of wind speed since the range of daily wind speed averages
for May are similar to the month of April. Cuyo Island has experienced 16 days of invalid data for May
2012 and a decrease in daily average wind speeds thus, it is not given the same weight for validation.
But this low wind speed profile for Cuyo is similar to the other observations in May so, it is still included
in the analysis. Simulations for May are yielding very high wind speed values in comparison to the
observations at Coron and Cuyo islands. In Figure 44, the mesoscale model generates wind speeds
that are seven times higher than the daily wind speed averages of 1 m/s on some days at the weather
station. The model output at Cuyo Island even have winds when winds are absent on those days as
shown in Figure 44. This shows once again that the mesoscale model is unable to produce zero wind

values at this site and one of the reasons why it has a tendency to overestimate wind speeds.
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Figure 44. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for May 2010.
Table 14. May 2010 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 1439 [2.59]14.16 | 20.21 [3.63 | 19.88 | 17.57 | 3.15| 17.28
Cuyo Island 11.14 12.00] 10.95 | 15.04 |2.70 | 14.79 | 12.26 |2.20| 12.06
Puerto Princesa 630 [1.13] 6.20 | 2.24 10.40] 2.21 | 2.60 |0.47| 2.56

When looking at Table 14, it can be seen that Coron and Cuyo simulations for May has shown

improvement than for January to April since there are lower RMSE, bias, and STDE for May. Focusing

on Cuyo Island results, the NCEP-FNL configuration are giving the largest overestimated wind speeds

when compared to the ERA-Interim and NCEP-CFS. These high overestimates are attributable to the

high bias of NCEP-FNL that can be found in Table 15 and Table 16. For reasons of yielding the smallest

overestimates, ERA-Interim is better than NCEP-FNL and NCEP-CFS in modelling winds over Cuyo

Island for May. Another reason for this is that the ERA-Interim configuration has the lowest RMSE,

bias, and STDE values out of the three model settings.
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Figure 45. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for May
2011.

Wind speed scatter plot for the May 2011 at Puerto Princesa, found in Figure 45, shows that there is
a wider spectrum of wind speed values than for May 2010 which can be found in the Appendix.
Average daily wind speeds can now range between 1 m/s to 4 m/s unlike for May 2010 that either has
2 m/s or 3 m/s wind speed. As in the simulations for Cuyo Island for May, NCEP-FNL have the highest
difference in value with the observations. ERA-Interim is slightly better than NCEP-FNL when
simulating at this location for May because ERA-Interim has lower RMSE, bias, and STDE values which
are listed in Table 15 and Table 16. The NCEP-CFS is the best performing configuration at Puerto

Princesa for May because it has the lowest RMSE, bias, and STDE values for 2011 and 2012.
Table 15. May 2011 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 11.26 [2.02 ] 11.08 | 23.71 |4.26 | 23.33 | 14.07 | 2.53 | 13.84
Cuyo Island 22.18 [3.98|21.82 | 3245 |5.83]31.92 | 23.10 | 4.15] 22.72
Puerto Princesa 401 10.72| 395 | 550 1099 | 541 | 248 [0.45| 2.44
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Figure 406. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for May
2012.

Winds have died down for May 2012 upon comparison with May 2010 and 2011 since, as shown in
Figure 46, there are several days without wind flow and many are only 1 m/s. This made the mesoscale
model to perform poorly since it is unable to generate zero wind conditions and the days with 1 m/s
winds from observations are being simulated to range between around 2 — 10 m/s. Despite the lower
wind speed regime, Table 16 show that bias and error values are lower or similar to the Table 14 and
Table 15 values. This shows that the model is able to maintain its performance even with the change
in wind regime at the area. Among the three configurations selected for this study, the ERA-Interim is
better than the NCEP-CFS and NCEP-FNL because it gives lower overestimated values for Coron as well

as the smallest RMSE, bias and STDE that can be seen in Tables 14 - 16.
Table 16. May 2012 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 9.54 |1.71] 9.38 | 23.27 | 4.18 | 22.89 | 16.29 |2.92| 16.02
Cuyo Island 9.75 [2.52] 941 | 2341 [6.04|22.62 | 18.55 [4.79| 17.92
Puerto Princesa 6.57 |1.18] 6.46 | 7.79 |11.40| 7.67 | 294 [0.53| 2.89
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The inability of the mesoscale model to produce zero wind is more pronounced with the June

simulations for Coron and Cuyo. As shown in Figure 47 and Appendix 1, there are many days with no

wind at the stations yet the WRF model would still generate wind values for lull moments of the wind

flow at both stations. It must be also noted that there is no data for Cuyo Island for the last five days

of June 2010 but it is treated with the same weight as the other June months because it still has data

in most of the days. Data observations for 12 days are invalid for the month of June 2012 at Cuyo

Island as well so they have been removed.

Figure 47. Scatter plot of different WRE model settings with PAGASA station data in Coron Island for June

2010.

Table 17. June 2010 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 12.68 [2.32 1247 | 19.24 |3.51 | 1891 | 14.26 [2.60 | 14.02
Cuyo Island 12.78 |2.56 | 12.52 | 20.16 | 4.03 | 19.75 | 15.11 |3.02 | 14.80
Puerto Princesa 558 |1.02] 549 | 489 [0.89] 481 | 642 |1.17| 6.31

The simulation results are overestimates of the wind observations especially with the NCEP-FNL

settings which produces values with the highest difference compared to station observations. RMSE,
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bias, and STDE values for NCEP-FNL are the highest among the three configurations as seen in Table
17. Some of the daily wind speed averages generated by NCEP-FNL are as high as 14 times in Coron
Island and almost ten times overestimation in Cuyo Island. Based on the values in Table 17 and 18,
Coron and Cuyo are simulated best by the ERA-Interim model settings. In comparison with the June

simulations for Coron and Cuyo, the Puerto Princesa model results are better as shown in Figure 46.

Figure 48. Scatter plot of different WREF model settings with PAGASA station data in Puerto Princesa for June
2011.

For Puerto Princesa, Figure 48 show that the WRF model is performing relatively better than the other
sites. There is an overestimation of the daily wind speed averages with the NCEP-FNL performing
better than the other two configurations based on the RMSE, bias, and STDE values in Table 12 (Page
102). ERA-Interim and NCEP-FNL are giving similar wind speed values while the NCEP-CFS are
generating lower daily average wind speed values that are closer to the PAGASA station records for
Puerto Princesa. From Table 18, this is also apparent because ERA-Interim and NCEP-FNL have similar
RMSE, bias, and STDE values while NCEP-CFS has the lowest corresponding values. This is also true for
the June 2012 values listed in Appendix 3. So, the NCEP-CFS is the best model setting when simulating

the month of June for Puerto Princesa.
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Table 18. June 2011 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 15.81 |2.89] 1554 | 27.73 |5.06|27.26 | 16.83 | 3.07 | 16.55
Cuyo Island 17.54 |3.20]17.25] 29.99 |548|29.49 | 19.05 |3.48 | 18.73
Puerto Princesa 6.79 |124| 6.67 | 787 |144| 773 | 442 |0.81| 4.35

Typically, the month of June is the beginning of the Southwest Monsoon in the Philippines

[151]. This phenomenon causes winds over the Philippines to come from the Southwest direction

predominantly but these winds are weaker than the Northwest Monsoon [154]. Thus, the daily

average wind speed range are similar to the months of April and May.

July simulation results in Figure 49 are the typical wind speeds for Coron and Cuyo islands

which are very similar with the June results. It has been noted that the first 11 days of July 2010 at the

Cuyo Island station have no measurements. The missing data have been accounted for the validation

to avoid having any influence in the analysis. All the configurations for the model are giving high wind

speeds in comparison with the observations and the inability to yield zero wind speeds are again

apparent. Based on the daily wind speed average difference, the ERA-Interim settings have the best

performance among the three for Coron and Cuyo. ERA-Interim also has the lowest RMSE, bias, and

STDE values listed in Table 19.

Figure 49. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for July 2010.
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Table 19. July 2010 Model Errors and Bias Quantification of Wind Speed
Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 11.62 [2.09]11.43 | 22.95 [ 4.12]22.58 | 16.94 | 3.04] 16.66
Cuyo Island 12.87 |2.88]12.54 | 23.14 | 5.18 ] 22.56 | 19.48 14.36| 18.99
Puerto Princesa 749 |1.35] 737 | 7.71 |138] 7.58 | 597 |1.07| 5.87

Figure 50. Scatter plot of different WREF model settings with PAGASA station data in Puerto Princesa for July
2012.

At Puerto Princesa, it can be seen in Figure 50 that there is an improvement in mesoscale
model performance capabilities for July compared to the Coron and Cuyo islands. Underestimation of
daily wind speed average at 2 m/s are occurring which is present in the July 2010 model output shown
in Appendix 1. There are also underestimation of daily wind speed averages at 3 m/s. The maximum

value of overestimation has decreased to no more than above 8 m/s in this occasion.

Table 20. July 2012 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 21.19 |3.81]20.84 | 36.20 | 6.50 | 35.61 | 24.90 | 4.47 | 24.49
Cuyo Island 23.60 |4.24]23.21 | 39.82 | 7.15|39.17 | 31.48 | 5.65| 30.97
Puerto Princesa 883 |1.59] 8.69 | 843 |1.51| 829 | 459 |0.83| 4.52
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NCEP-FNL and ERA-Interim are producing the highest difference between simulation value and
measured daily average wind speed which is also true for the July results as listed in Table 19 and
Table 20. The NCEP-CFS has lower overestimated value magnitude and clusters nearer to the ideal
line. It is also the model configuration that has the lowest RMSE, bias, and STDE values in Table 19 and
Table 20. Therefore, it is the best model configuration for modelling Puerto Princesa for the month of
July since it performs well in all the three years covered in this study.

Finding that the July months are similar to the June results, it shows that the Southwest
Monsoon wind speeds are similar to the Easterlies. The change from dry to wet season and the shift
in the prevalent wind direction in the Philippines has no effect to the wind speeds. So, the wind speeds
that are coming from the West Pacific Ocean and East Indian Ocean are the same for the Philippines.

The observed wind speeds for the month of August at Coron and Cuyo islands present a
broader spectrum once again which are similar with June and July months. There are overestimation
of daily average wind speeds from the simulations. This is also characterized by the high RMSE and
STDE values that are above 20 m/s and bias that are 3.61 — 5.84 m/s enumerated in Table 21. ERA-
Interim and NCEP CFS are yielding similar results and are better in simulating Coron and Cuyo for
August than NCEP FNL because their wind speed overestimates are lesser. Between ERA-Interim and
NCEP-CFS, it can be seen that ERA-Interim has the lower RMSE, bias, and STDE values than NCEP-CFS
so ERA-Interim is better suited in simulating Coron and Cuyo sites for August. This increase in the daily
wind speed average made the mesoscale model to perform better but only marginally. It is expected
for the mesoscale model to perform in a similar manner as with June and July months because the

month of August is still part of the Southwest Monsoon.
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Figure 51. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for August
2011.

The mesoscale model performs better when simulating Puerto Princesa as can be seen in Figure 51
although it overestimates the measured daily average wind speed values which is the same with the
June and July model output. The NCEP-CFS is the best configuration for August since the difference of
its highest value with the observation is less than for NCEP FNL and ERA-Interim. In addition to that,
NCEP-CFS has the smallest RMSE, bias, and STDE values as can be seen in Table 21.

Table 21. August 2011 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 20.13 |3.61]19.79 | 2898 | 5.21 | 28.51 | 24.22 | 4.35| 23.82
Cuyo Island 2245 |4.03|22.08 | 32.53 |5.84| 32.00 | 26.43 | 4.75| 26.00
Puerto Princesa 6.10 |1.09| 6.00 | 428 |0.77| 4.21 1.86 |0.33| 1.83

There is still an overall slow wind speeds for August as found in June and July. Low wind speeds
are characteristic for the Philippines during the Southwest Monsoon season because the winds coming
from the East Indian Ocean must traverse the Indochina Peninsula before reaching the Philippines
[154]. So, the winds will be slower because the surface roughness introduced by the Indochina

Peninsula will decrease the wind flow that continues towards the Philippines.
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With the September model outputs, the simulations are able to perform better than for the
results in June — August. The RMSE, bias, and STDE values listed in Table 22 also show lower values
compared to the ones calculated for June — August. The month of September is the start when there
is a transition from Southwest Monsoon to Northeast Monsoon [152]. As it has been demonstrated
from the January and February months, the mesoscale is more capable in simulating the Northeast

Monsoon thus, this is the cause of the model performance witnessed for September.

Figure 52. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for
September 2010.

Daily average wind speeds over the Coron Island are shown in Figure 52. There are only a few
days with no winds so, this contributed to the improved simulation results from the mesoscale model.
As the wind speeds are less than 3 m/s, most of the days are overestimated here. Taking into
consideration both the scatter plot and calculated values in Table 22, the NCEP-FNL is the worst
performing configuration since it gives the highest RMSE, bias, STDE, and overestimation values. The
ERA-Interim has the smallest RMSE, bias, and STDE values, found in Table 22 but only by a small margin

to the corresponding NCEP-CFS model configuration values for Coron Island.
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Figure 53. Scatter plot of different WREF model settings with PAGASA station data in Cuyo Island for September
2010.

Simulating Cuyo Island has also improved when compared with the June — August results since
the points are now clustered closer to the ideal line as shown in Figure 53. It is also evident with the
RMSE, bias, and STDE values for Cuyo Island since they are smaller than June — August. There are many
days with no wind for the month but the mesoscale model is still generating winds for those days thus,
it shows that it has difficulty in modelling Cuyo for no wind conditions. NCEP-FNL is once again giving
the highest difference between the observations and simulation. The NCEP-FNL also has the highest
RMSE, bias, and STDE values among the three model settings for the month of September. ERA-Interim
and NCEP CFS have similar performance but between the two, ERA-Interim is slightly better based on
its calculated RMSE, bias, and STDE values in Table 22 making it the best one among the three for Cuyo

Island on September.
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Figure 54. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for
September 2010.

Table 22. September 2010 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 10.53 [1.92]10.35| 18.46 |3.37|18.15] 11.04 |2.02| 10.85
Cuyo Island 1433 [2.62] 14.09 | 23.50 |4.29 | 23.11 | 15.79 | 2.88 | 15.52
Puerto Princesa 350 [0.64] 344 | 1.29 10.24| 1.27 | 0.31 [0.06| 0.30

It is the Puerto Princesa site that regained better results for September when compared to
Coron and Cuyo. Mesoscale model is better when simulating September for Puerto Princesa than with
the June — August. As can be seen in Figure 54, ERA-Interim tend to overestimate wind speeds that
are 2 m/s and below while equally underestimate and overestimate wind speeds at 3 m/s. NCEP CFS
and NCEP FNL can overestimate or underestimate daily average wind speeds for 2 m/s while equally
distributed overestimation and underestimation for wind speeds at 3 m/s. The largest overestimation
values of daily wind speed averages are now down to 2 — 2.5 times. This better performance is also
reflected on the RMSE, bias, and STDE values since there is a significant decrease across all errors and
bias for September. NCEP-CFS is the best performing configuration compared to ERA-Interim and
NCEP-FNL for Puerto Princesa in the September model output because the RMSE, bias, and STDE

values close to zero.
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The October simulation results for Coron Island, shown in Figure 55, is similar in performance
with the September at the same location. It shows that the transition to Northeast Monsoon is not
yet complete but there are some days with higher daily average wind speeds that is the profile of the
Northeast Monsoon for the Philippines. There is a general overestimation of the wind speeds and the
multiple days with zero wind are still registering 2 — 6 m/s wind speeds for the daily averages on the

model output. As such, the bias values can range from 2.90 — 4.31 m/s as found in Table 23.

Figure 55. Scatter plot of different WREF model settings with PAGASA station data in Coron Island for October
2010.

ERA-Interim is slightly outperforming the NCEP-CFS and both ERA-Interim and NCEP-CFS are better
than the NCEP-FNL model settings. These findings are consistent with the RMSE, bias, and STDE values
for Coron Island in Table 23 where it can be seen that values for ERA-Interim and NCEP-CFS are quite
close with each other but NCEP-FNL values are larger than the two configurations.

Table 23. October 2010 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 16.14 |2.90 | 15.88 | 24.02 | 4.31 | 23.63 | 17.21 |3.09| 16.93
Cuyo Island 22.87 1432|2246 | 30.81 | 5.82 | 30.25 | 25.97 [ 4.91 | 25.50
Puerto Princesa 690 [1.24] 6.79 | 390 |0.70| 3.84 | 3.33 |0.60| 3.27
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Model output for Cuyo Island that are plotted in Appendix show that it is close to the
performance when simulating August for this site. Even the RMSE, bias, and STDE values show this
because the error values in Table 23 can range 22 — 30 m/s which is similar to the August values. The
difference between the measured daily wind speed average and the WRF results can be as high as 16
times from the NCEP FNL settings which also has the highest bias and error values in Table 20 and
Table 21. For this simulated month, the ERA-Interim is the best configuration to model October for
Cuyo Island because its highest overestimate is less than those given by the NCEP CFS and NCEP FNL.

ERA-Interim also has the smallest RMSE, bias, and STDE values compared to the two model settings.

Figure 56. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for
October 2011.

Table 24. October 2011 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 16.54 1297 | 16.27 | 23.15 |4.16 | 22.77 | 15.83 | 2.84 | 15.57
Cuyo Island 23.98 [4.31]23.59 | 23.72 |4.26 | 23.34 | 19.76 |3.55]| 19.44
Puerto Princesa 298 1053293 | 2.11 |0.38] 2.08 | 0.79 |-0.14| 0.78

For Puerto Princesa, mesoscale model has a tendency to overestimate daily wind speed values
that are 2 m/s or less. It has an equal distribution of overestimated and underestimated values at 3
m/s and underestimates 4 — 5 m/s wind speed values as shown in Figure 56. It is apparent that the

Puerto Princesa site is where the model performs relatively well once again. An increase in the
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maximum daily average wind speeds for October has enabled the mesoscale model to determine the
wind profiles of Puerto Princesa much better than May to September months. The NCEP-CFS model
setting has the best performance when comparing the three configurations because it yields the least
overestimated values and largest underestimated values. It also has the smallest RMSE, bias, and STDE
values for October which are evident from Table 23 and Table 24.

Model performance for November are similar to the October since both months have similar
wind profiles at Coron Island. The similarities are on the no wind conditions on several days at Coron
Island are not represented by the mesoscale model and the dynamic range of the average wind
speeds. ERA-Interim yields the best mesoscale model setting for Coron since NCEP FNL and NCEP CFS
gives a few days with higher daily wind speed average value difference with observations than the
ERA-Interim. The RMSE, bias, and STDE values of ERA-Interim in Table 25 also give evidence to this

also since it has the lowest values.

Figure 57. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for November
2010.

Looking at Figure 57, it is NCEP-FNL and ERA-Interim that has higher difference with daily wind
speed average measured values than NCEP-CFS. It is also shown in Table 25 that NCEP-CFS has the
lowest RMSE, bias, and STDE values for Cuyo in November so, it is best represented with wind speed

values generated by NCEP-CFS.
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Table 25. November 2010 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 13.37 |2.44 | 13.15] 18.64 [3.40 | 18.33 | 15.23 |2.78 | 14.97
Cuyo Island 1693 [3.99]16.45| 17.76 [4.19|17.26 | 1042 |2.46| 10.13
Puerto Princesa 3.60 10.66| 3.54 | 495 [090]| 4.86 | 1.28 |0.23] 1.26

Figure 58. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for
November 2010.

The simulation output for Puerto Princesa are plotted in Figure 58 and it shows that daily average wind

speeds are mostly overestimated for wind speeds that are 2 m/s or below by the WRF model. For the

3 m/s wind speed, all of the configurations have an evenly distributed data points that underestimate

and overestimate the daily average wind speed. Overall, the model has a positive bias for Puerto

Princesa that ranges from 0.23 — 0.90 m/s. The NCEP CFS is the best performing model setting for

November at Puerto Princesa since the data points from its results are clustered nearer to the ideal

line of the scatter plot when compared to the ERA-Interim or NCEP FNL results. Another reason is that

NCEP-CFS has the least RMSE, bias, and STDE values for Puerto Princesa in November months.

The December results of all the mesoscale model settings are generally overestimating the

wind speeds again. Figure 59 show the Coron Island model output where most of the observed daily
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wind speed average are 1 m/s and 2 m/s. With such low wind speeds, it should make the mesoscale
model generate higher wind values since these are below the range that the model is capable once
again [20]. These values are overestimated by 2 — 8 times by the model outputs. NCEP-CFS is slightly
better than the ERA-Interim and NCEP FNL because of its lower overestimated values as well as lesser

values for RMSE, bias, and STDE enumerated in Table 26.

Figure 59. Scatter plot of different WREF model settings with PAGASA station data in Coron Island for
December 2010.

All the mesoscale model configurations have trouble simulating the Cuyo Island for December since
all have similar daily wind speed average values that are twice to 13 times higher than the observations
similar to Figure 59. This difficulty is apparent to the high RMSE, bias, and STDE values for Cuyo Island
which is the highest among the three locations as can be seen in Table 26.

Table 26. December 2010 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 18.86 |3.39| 18.55 | 21.65 | 3.89 | 21.30 | 18.19 [3.27| 17.89
Cuyo Island 39.51 [7.10| 38.87 | 33.46 | 6.01 | 32.92 | 36.22 | 6.51 | 35.63
Puerto Princesa 10.39 |1.87]10.22 | 7.73 [1.39| 7.60 | 8.80 |1.58| 8.66
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The model is once again better in simulating wind speed conditions at Puerto Princesa as presented
in Figure 60 and the comparatively low error and bias values in Table 26 and Table 27 in contrast with
Coron and Cuyo. There is predominantly overestimation but there are underestimation that occur for

this site.

Figure 60. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for
December 2011.

ERA-Interim and NCEP-FNL yields higher overestimates in comparison with NCEP-CFS. The clustering
of simulated wind speed data from NCEP-CFS are also nearer to the ideal line so, it is the best
configuration for modelling Puerto Princesa for December. The RMSE, bias, and STDE values of NCEP-
CFS are also the lowest among the three WRF model configurations for the years of 2011 and 2012 as

can be found in Table 27 and Table 28, respectively.
Table 27. December 2011 Model Errors and Bias Quantification of Wind Speed

Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 24.47 |4.39|24.07 | 26.36 |4.73 | 2593 | 23.33 |4.19| 22.95
Cuyo Island 29.39 | 5282892 | 2935|527 |28.88 | 27.67 |4.97|27.22
Puerto Princesa 785 141 7.72 | 495 |0.89| 487 | 3.51 |[0.63| 3.45
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Figure 61. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for December
2012.

With Cuyo Island, it can be seen in Figure 61 that there is a constant multiplier to the model output
when compared to the daily wind speed average measurements. Here, it can be seen that wind speeds
at 1 —3 m/s are approximately two to four times higher for the WRF model and wind speeds at4 —5
m/s are about two to three times. These results suggest that the model has a systematic constant bias
for December at Cuyo. Thus, WRF can simulate the wind trends since the values are consistent with

the wind speed variation at this location but with a constant multiplicative behaviour that can be

known.
Table 28. December 2012 Model Errors and Bias Quantification of Wind Speed
Configuration ERA-Interim NCEP-FNL NCEP-CFS
Location RMSE | Bias | STDE | RMSE | Bias | STDE | RMSE | Bias | STDE
Coron Island 23.00 |4.13]22.62 | 26.92 | 4.83 | 26.48 | 25.71 | 4.62| 25.30
Cuyo Island 29.01 [5.21]28.54 | 29.51 |5.30]29.03 | 27.46 | 4.93] 27.02
Puerto Princesa 590 |1.06| 580 | 574 |1.03| 5.64 | 638 |1.15]| 6.27

All input data have a tendency to overestimate the wind speed in comparison with the observations
especially for winds that are less than 4 m/s. This is more pronounced in the low wind speed areas of
Coron and Cuyo during the April to August months where most winds are between 0 — 4 m/s. This is
also noticeable in months with good wind resource such as January and February where the winds
that are 4 m/s and below are overestimated. These are found to be consistent with literature and even

with satellite-derived datasets of wind fields [18,127].
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The NCEP-CFS and ERA-Interim have similar performance in simulating the winds. Comparing
both reanalysis datasets with NCEP-FNL, the average winds of NCEP-FNL gives slightly better
performance when accounting for the entire wind speed value range. But it is apparent from the
scatter plots that low wind speeds are simulated better using NCEP-CFS, while ERA-Interim yields
better results in high wind speed regimes. This is found in line with studies reported in the literature
[18,20], while WRF simulates better with wind speeds that are greater than or equal to 4 m/s. This is
apparentin the charts as wind speeds that are 2 m/s are overestimated by all input data and the model
tends to equally overestimate or underestimate 3 m/s wind occurrences. Then, it begins to give more
consistent wind speeds beginning at 4 m/s — 5 m/s. The ability of NCEP-FNL to simulate wind speeds
better is also seen with the RMSE values. It ranges from 3.6 m/s to 4 m/s for monthly comparison
while ERA-Interim and NCEP-CFSR can range from 5.7 m/s to 6 m/s. The wind analysis for the direction
of the wind is the subject for the next section.

A summary of all the results discussed for wind speeds in every location for each month are
listed in Table 29. This shows the best mesoscale model settings that is appropriate for a particular

time of the year based on the model validation done for each of the selected sites in Palawan Province.

Table 29. Summary of Best Mesoscale Model Configuration for Wind Speeds

Month Location Coron Island Cuyo Island | Puerto Princesa
January NCEP-FNL NCEP-CFS NCEP-CFS
February ERA-Interim | NCEP-CFS NCEP-CFS
March NCEP-FNL | ERA-Interim | NCEP-CFS
April NCEP-FNL NCEP-FNL NCEP-CFS
May ERA-Interim | ERA-Interim | NCEP-CFS
June ERA-Interim | ERA-Interim NCEP-CFS
July ERA-Interim | ERA-Interim | NCEP-CFS
August ERA-Interim | ERA-Interim | NCEP-CFS
September ERA-Interim | ERA-Interim | NCEP-CFS
October ERA-Interim | ERA-Interim | NCEP-CFS
November ERA-Interim NCEP-CFS NCEP-CFS
December NCEP-CFS NCEP-CFS NCEP-CFS

Based on the wind speed validation for the mesoscale model, there are certain seasons when a
particular model configuration is suitable at a particular location. In Coron Island, the months when
Northeast Monsoon occurs are simulated by different settings. The strengthening of the Northeast
Monsoon that occurs in December is simulated best by NCEP-CFS while the peak of the monsoon is
modelled best with NCEP-FNL. When the Northeast Monsoon start to die down in February, the ERA-
Interim becomes the appropriate mesoscale model setting. Transition period in March from Northeast
Monsoon to Easterlies and the peak hot-dry season in April are modelled well by the NCEP-FNL. The

months of May until November are simulated adequately by the ERA-Interim configuration for Coron
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Island. Thus, the Southwest Monsoon is modelled well for Coron by ERA-Interim model settings since
the entire season is covered in that duration.

For Cuyo Island, Table 29 shows that January to February and November to December are
best simulated using the NCEP-CFS model settings. So, it is the NCEP-CFS that must be utilised during
the period when the Northeast Monsoon is strong. In March, ERA-Interim is the best configuration
which is the time when the transition from Northeast Monsoon to Easterlies happen. Similar to Coron,
Cuyo is also modelled well during the Easterlies of April by the NCEP-FNL configuration. The whole
Southwest Monsoon is simulated properly by ERA-Interim since the months of May until October are
part of that period. In Puerto Princesa, all the months are suitably simulated using the NCEP-CFS
mesoscale model configuration.

It is notable from these results that the majority of good simulation outputs are generated
from reanalysis data such as ERA-Interim and NCEP-CFS. Thus, reanalysis data are commonly used as
input data for mesoscale models as discussed in Chapter 2. But as Table 29 shows, there are certain
locations at particular times of the year when operational datasets such as the NCEP-FNL data used in
this study proves to be the appropriate input data for simulation. So, operational datasets should be
considered when running mesoscale model for wind profiling. These results will be one of the basis in
the dataset selection for generating wind maps for Palawan Province. The other criteria would be the

wind direction which will be presented in the following sections.

5.1.2 Mesoscale Model Wind Direction Results

Monthly averages of wind direction are compared and analysed in this section. Each month
of the year from 2010 — 2012 are to be discussed and the output of every month for each of the
location are placed side by side in the figures. Since these are monthly averages, the error
guantification is deemed unnecessary because each month will be analysed based on the predominant
wind direction of the season. This is to facilitate the comparison of Coron Island, Cuyo Island, and

Puerto Princesa in a similar flow of discussion as the wind speeds in the previous section.
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(a) (b) ()
PAGASA ERA-Interim NCEP FNL NCEP CFS

Figure 62. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of January 2012

The wind direction in January is relatively consistent since the monthly average wind direction
does not vary much from 2010 — 2012 observations and a representative chart is shown in Figure 62.
Wind direction for Coron Island is simulated to be coming from the East in Figure 62 (a) but the
measurements have an average of winds coming from the Northeast direction. So, the prevalent wind
direction is not reflected well by the simulations for Coron. At the Cuyo Island, all the model
configuration runs have the same average wind direction for the month in Figure 62 (b) that indicate
the winds are coming from the Northeast. This is a good performance for the model since the
observations show that the winds are mostly coming from the North-northeast. Here, ERA-Interim
and NCEP CFS are almost equal in wind direction and they are the closest one to the measured wind
direction. It is apparent from the measurements that the prevalent Northeast Monsoon wind direction
occurs at both Coron and Cuyo Islands. Observations at Puerto Princesa recorded that the average
wind direction is maintained to be coming from the general eastern direction for January. The
mesoscale model is also performing well in determining the average wind direction at Puerto Princesa
as shown in Figure 62 (c) because the results are able to determine that the winds are coming from
the East. NCEP FNL is the best performing model settings for January at Puerto Princesa as it gives the
Eastern wind direction closest to the observation. This shows that there is a local wind regime for
Puerto Princesa because the predominant Northeast Monsoon is not reflected from the
measurements.

For February 2010, Figure 63(a) presents that there is an improved wind direction
determination for the Coron Island compared to the January 2010 in Figure 62 (a). It shows that the
model is able to capture that the wind direction is coming from the East. This shift in direction shows

that there is weakened Northeast Monsoon effect over Coron Island.

127



(a) (b) (c)

——PAGASA ERA-Interim NCEP FNL NCEP CFS

Figure 63. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of February 2010

In Cuyo Island, the wind direction is still generally from the North-northeast as shown in Figure 63 (b)
and the model output gives an average direction of Northeast. So, the wind direction is similar to
January for Cuyo Island. The Eastern wind direction persists for Puerto Princesa as indicated in Figure
63 (c). This is reflected in the model as all the settings yields the wind to be coming from the East as

well. This is a slight improvement over the January simulations for Puerto Princesa.

(a) (b) (c)
== PAGASA ERA-Interim NCEP FNL NCEP CFS

Figure 64. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of March 2010

Looking at Figure 64, the Coron and Cuyo island average wind direction are within the general
direction of the measurements. This is especially true for the Puerto Princesa location but the ERA-
Interim is almost the same with the observation where the wind is coming from the East. Coron Island
measurements found that the prevalent wind direction is coming from the East-northeast and this is
reflected from all three model configurations in Figure 64 (a). NCEP FNL output is the closest one to

the measured average wind direction so, it is the best performing model setting for Coron on March.
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The simulations are able to determine the average wind direction of Northeast for March at Cuyo
Island as can be seen in Figure 64 (b). The mesoscale model is able to generate this average wind
direction with the ERA-Interim showing the smallest difference with the observation. It shows that
during the transition to Easterlies, the Northeast Monsoon highly influences the prevalent wind
direction in Cuyo Island. Model performance is also good for the Puerto Princesa simulation results
found in Figure 64 (c). Measurements at the site show that the predominant wind direction comes
from the East for March. This eastern direction of the wind has been produced by all the configurations
and NCEP FNL is yielding the least difference in direction to the observations.

For April, Figure 65(a) show that all three model configurations have slight difficulty in
determining the average wind direction at Coron Island. The simulations show that the winds are
coming from the East for NCEP-CFS and ERA-Interim while NCEP-CFS yields an East-southeast
direction. The winds are coming from the East-northeast thus, the general Eastern direction is
common between the simulations and observations. The mesoscale model performs well at Cuyo
Island based on Figure 65 (b) because NCEP CFS and ERA-Interim are almost the same with the
measured average wind direction. NCEP FNL failed to give a similar result but it is still within the
general direction of the prevalent wind. It is interesting to note that despite the onset of the Easterlies,
monthly average wind direction for Cuyo Island in April remains to be Northeast which suggest that

there is a local effect on the wind direction at this location.

(a) (b) ()
PAGASA ERA-Interim NCEP FNL NCEP CFS

Figure 65. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of April 2011

It is apparent that The Puerto Princesa simulation outputs show that the three configurations
are quite capable in producing the average wind direction observed as presented in Figure 65 (c).
There is a bigger deviation for ERA-Interim and NCEP CFS from the generally eastern wind flow
observed while the NCEP FNL is able to give an average wind direction that is almost equal to the

measurements.
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There is a slight improvement in performance for the mesoscale model at Coron Island as presented
in Figure 66(a). Unlike for the April months, the model is able to reflect the southerly wind direction
partially for May. At Cuyo Island, the ERA-Interim is the best performing model configuration since it
is able to reproduce the observation that the average wind direction for May comes from South-
southeast. Both NCEP CFS and NCEP FNL are still able to get the general direction of the average wind

direction since they are within the Southeast direction as shown in Figure 66 (b).

(a) (b) (c)
PAGASA ERA-Interim NCEP FNL NCEP CFS

Figure 66. Compatison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of May 2010

The three model configurations slightly deviates from the measured average wind direction but all are
capable to generate the Southeastern wind direction for May at Puerto Princesa. Both ERA-Interim
and NCEP-CFS have the same wind direction value so they overlap in Figure 66 (c) and depicted by the
yellow line. Here, the NCEP FNL is closer to the wind direction recorded as can be seen in Figure 66
(c). All the sites also exhibit the transition in May from Easterlies to Southwest Monsoon because the
Southern component begins to show in Figure 66.

Simulations give an average wind direction that are coming from the Southwest and South-
southwest sector in all the sites being studied in June. In Figure 67(a), the average wind direction is
coming from the South-southeast at Coron Island while model results for Coron show that winds are
coming from the South-southwest. Although there is a significant difference between the model
results and observations, there is an improvement to the model’s capacity in determining the wind

directions since it is able to give the predominantly southern component of the direction.
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Figure 67. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of June 2012

Cuyo Island and Puerto Princesa are yielding better model output since the observations and
simulations are in agreement that the winds are mostly coming from the South-Southwest sector as
presented in Figure 67 (b) and Figure 67 (c). The ERA-Interim is the best configuration for Cuyo Island
and the NCEP CFS is the best setting for Puerto Princesa since they have the smallest discrepancy with
the measurements, respectively. The shift to the general Southwest direction for winds show that the
Southwest Monsoon has set in for all the sites. Measurements in Coron Island, shown in Figure 67 (a),
do not reflect the Southwest direction and only registers the Southern component of the prevalent
wind over the Philippines.

Observed wind directions in July is similar to the wind direction measurements for June as can
be seen when Figure 67 and Figure 68 are compared. This shows that there is a predominant wind
direction for these times of the year at all the locations. Figure 68 (a) shows that the average wind
direction for Coron Island is coming from the South-southeast. Since the different mesoscale model
configurations yield outputs for wind direction in the Southwest sector, there is a discrepancy with
the measurements that is also seen in June. Thus, the prevalent Southern component is reflected by

the simulations again especially by the ERA-Interim configuration.
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Figure 68. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of July 2011

The predominant wind direction observed for Cuyo Island in July is coming from the South as indicated
in Figure 68 (b). Once again, all three configurations are giving average wind direction coming from
the Southwest with ERA-Interim being the closest one to the measured monthly average wind
direction. It is on the Puerto Princesa simulations where the output from the model is comparable
with the observations as shown in Figure 68 (c). Here, the model results agree with the measured wind
direction that the prevalent wind is coming from the Southwest or South-southwest. The ERA-Interim
gives the closest wind direction to the measurements for Coron, Cuyo, and Puerto Princesa for July. It
is apparent in Figure 68 that Cuyo Island and Puerto Princesa reflects the predominant Southwest
Monsoon winds while Coron Island continues to be unaffected by the monsoon so, it appears that
there is a local wind regime that influences the Coron Island station.

The mesoscale model maintains a general wind direction coming from the Southwest for all
August months. In Coron Island, this Southwest direction from the model differs with the
measurements as shown in Figure 69(a) where the average wind direction is coming from the South.
It is noted that the wind direction has shifted towards Southwest direction because the Eastern

component is now absent.
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Figure 69. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of August 2012

Model results for Cuyo Island fall between Southwest and South-Southwest for August. As shown in
Figure 69 (b), ERA-Interim result is closer to the wind direction observed at Cuyo Island which is
between South and South-southwest. The winds are found to be coming from the South-Southwest
in Puerto Princesa for August 2012 as can be seen in Figure 69 (c). The NCEP FNL is the best performing
model configuration since it is closest to the wind direction observation. The Cuyo Island and Puerto
Princesa simulations for August are similar to the June and July model output so, this is an indication
of the prevalent wind direction during this part of the year.

There is a significant performance improvement for WRF model for all three sites in
September that are plotted in Figure 70 when compared with the other months of a year. Seeing that
the measurements have shown that the wind directions has shifted towards the Southwest direction

for September, the mesoscale model is able to replicate the general direction for the month.

(a) (b) (c)

== PAGASA ERA-Interim NCEP FNL NCEP CFS

Figure 70. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of September 2011
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Observations at Coron Island show a predominantly Southern wind direction but a Western
component is apparent in Figure 70 (a). Thus, the Southwestern wind direction produced by the
simulations are comparable to this measurement. The sites at Cuyo Island and Puerto Princesa have
model outputs for wind direction that are very near the monthly average wind direction observations
at their respective locations. ERA-Interim is the best performing configuration for Coron and Cuyo
while NCEP FNL is the best model settings for Puerto Princesa for September 2011. With the slight
shift in the measured wind direction at Coron Island, all three sites are now being affected by the
predominant Southwest Monsoon.

The general wind directions for October, which is found in Figure 71, illustrates a gradual shift
towards the Southeast direction compared to the September months. Coron Island’s wind direction
becomes East-Southeast as shown in Figure 71 (a). Wind simulation results are still unable to generate
that since the outputs are still in the South to South-southwest wind direction sector. But the model
still registers that a shift in the prevalent wind has happened and has decreased the Western

component in their results.

(a) (b) (c)
PAGASA ERA-Interim NCEP FNL NCEP CFS

Figure 71. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of October 2011

The mesoscale model fares better in simulating the Cuyo Island and Puerto Princesa locations as
shown in Figure 71 (b) and Figure 71 (c), respectively. Measured wind direction for both locations are
found to be coming from the South-southeast and the three configurations are producing wind
directions within this sector. The NCEP FNL is the best model settings for Cuyo and Puerto Princesa in
October since it has the smallest difference to the measurements. All three sites have shown a shift in
wind direction which corresponds to the transition from Southwest Monsoon to Northeast Monsoon
at this time of the year.

Winds at Coron Island have shifted back to the North-Northeast for November as can be seen

in Figure 72(a). Note that NCEP-CFS and NCEP-FNL have the same value so they overlap on the chart.
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This shift is only partially reflected in the model since all three configurations are giving average wind

directions between East and East-Northeast.

(a) (b) ()

PAGASA ERA-Interim NCEP FNL NCEP CFS

Figure 72. Comparison of average wind direction between WRE output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of November 2012

The mesoscale model is showing better results at Cuyo Island than Coron for November as presented
in Figure 72 (b). Measurements show that the winds are coming from the North-Northeast also and
the simulations are close to that with a Northeast average wind direction. Although all three
configuration have near equal directions, the ERA-Interim vyields the closest direction to the
observation. There has been only a slight shift in wind direction at Puerto Princesa for November when
compared to the other October months. Looking at Figure 72 (c), the wind direction is coming from
East-Southeast while it has been coming from the South-southeast for the October months in general.
The mesoscale model has been able to determine this change from October to November but the
outputs are between East and East-Northeast. Thus, the shift in wind direction is moderately higher
for the simulations than the observations. Among the three configurations, the NCEP CFS is giving the
nearest average wind direction to the measurements which makes it the best model setting for Puerto
Princesa on November 2012. The onset of the Northeast Monsoon is apparent in Coron and Cuyo
Islands while the Puerto Princesa station reverts back to the Eastern wind direction that is also present
in January to March when the Northeast Monsoon affects the entire country.

The December months are observed to have similar wind directions such as the one in Figure
73 and these are similar with the November monthly average wind directions. Looking at Figure 73
(a), it shows that the mesoscale model is able to generate the average wind direction that is
comparable with measurements especially through the use of ERA-Interim and NCEP CFS settings for

Coron Island.
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Figure 73. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of December 2011

In Cuyo Island, the model performance is also very much the same as November based on
comparison of Figure 72 (b) with Figure 73 (b). For this case, the ERA-Interim is the better configuration
since it gives the smallest difference in wind direction among the three settings when compared to
the observation. There is also a similar monthly average wind direction in Puerto Princesa for
December, shown in Figure 73 (c), as for November in Figure 72 (c). The NCEP FNL is the best model
configuration for this case since it has the closest average wind direction to the observations in
December 2011 for Puerto Princesa.

A list that summarises the results of the wind direction validation is found in Table 30. These
show the best performing model setting on each month of the year at every location that has been
included for the model validation. It is apparent that there are differences and similarities between

model configurations that are suited for wind speed and wind direction at each month of the year.

Table 30. Summary of Best Mesoscale Model Configuration for Wind Direction

Month Location Coron Island Cuyo Island | Puerto Princesa
January NCEP-CFS ERA-Interim | NCEP-FNL
February ERA-Interim NCEP-CFS NCEP-CFS
March ERA-Interim NCEP-FNL | ERA-Interim
April NCEP-CFES NCEP-CFS NCEP-FNL
May NCEP-FNL ERA-Interim | NCEP-FNL
June ERA-Interim | ERA-Interim | NCEP-CFS
July ERA-Interim | ERA-Interim | ERA-Interim
August ERA-Interim | ERA-Interim | NCEP-FNL
September ERA-Interim | ERA-Interim | NCEP-FNL
October ERA-Interim NCEP-FNL NCEP-FNL
November NCEP-CFS/FNL | ERA-Interim | NCEP-CFS
December ERA-Interim | ERA-Interim | NCEP-FNL

For Coron and Cuyo islands, it can be seen in Table 30 that ERA-Interim is still the best model

configuration for wind direction determination during the Southwest Monsoon since the months that
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it occurs is covered within that period. The Northeast Monsoon months are capably modelled by a
mixture of model settings that employ reanalysis data such as ERA-Interim and NCEP-CFS. The months
where there is a transition in the season such as March and May show that the NCEP-FNL is a good
model configuration to be used in Coron and Cuyo. In Puerto Princesa, there has been a change in the
best model configuration for wind direction because it is a composition of the various model settings
considered for the study. Unlike for the wind speed simulations where all months are well modelled
by NCEP-CFS, a significant number of months in a year is showing to be simulated with satisfactory
results from the NCEP-FNL because there are seven months of the year when this particular model
setting performs well. From the results in Table 29 (Page 125) and Table 30, the best performing
mesoscale configuration can be selected to produce wind maps for Palawan Province. The results from
the comparison of wind speeds are given more consideration in deciding which dataset to be used for
the map because the wind speeds have been analysed on a daily basis while wind direction analysis
have been done with the purpose of determining the monthly trends that are to be related to the
predominant seasonal wind direction. The wind maps generated will be shown and discussed in the

next section.

5.2 Wind Maps for Palawan Province

Monthly wind maps have been produced from the simulations using the appropriate dataset
based on Table 29 (Page 125) and Table 30 in order to see the offshore wind resource in the vicinity
of Palawan Island. Some of these maps are shown in Figure 74 and Figure 75 where January uses the
NCEP-CFS output, April map is produced with NCEP-FNL results, and ERA-Interim is used for June and
September months. These are maps that show the time when the Northeast Monsoon is strong
(January), Easterlies (April), Southwest Monsoon (June), and the transition from Southwest Monsoon

to Northeast Monsoon (September).
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(a) (b)

Figure 74. Wind maps for Palawan Island showing the available offshore wind resource around the island at 80
m: (a) January and (b) April

(a) (b)

Figure 75. Wind maps for Palawan Island showing the available offshore wind resource around the island at 80 m:
(a) June and (b) September

From Figure 74 and Figure 75, it can be seen that the offshore winds at the 80 m level can

range from 5 m/s to 12 m/s when considering the vicinity that is 100 km from the shore. This range is
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shown to be good wind conditions from Table 6 (Page80) since the range falls under the available to
rich area categories. January months of 2010 — 2012 are more productive for wind power generation
since majority of the waters have wind speeds greater than 6 m/s as shown in Figure 74 (a). This show
that the Northeast Monsoon is indeed strong and the season when wind energy can be a significant

power source for the island.

Looking at Figure 74 (b), winds decrease in speed to the range between 5-6 m/s in April when
the Easterlies occur. This is indicative that the winds decrease at this time of the year so, wind farms
will have lower power production. This is still within the available to subrich area based on Table 6
(Page80) so, there is still potential for power production during that time of the year. Even lower wind
speeds happen in June, shown in Figure 75 (a), except for a few pockets in the South China Sea at the
Western side of Palawan where wind speeds can be as high as 12 m/s. This show that there is a general
decrease in available winds for power production during Southwest Monsoon around the island. Wind

speed increases again during September as can be seen in Figure 75 (b).

The area of Palawan that is facing the South China Sea can be a better site for offshore wind
projects since the winds there are more consistent. An example of this is the area centred at 10°N,
118°E where it can range from 6 — 12 m/s throughout the year. This makes the location to be a
consistent rich area based on the wind classification standard in Table 6 (Page 80). In the Northwestern
area, the winds have at least 6 m/s and even in June, there is an area centred at 11°N, 119°E where
the winds are still blowing between 5 — 6 m/s range. Thus, this region falls under the subrich to rich
area of wind classification. There is only a small patch in the southern end that can have 4-6 m/s
speeds but can drop to 1 m/s in June. For parts of the island that is facing Sulu Sea, there is a potential
for offshore wind power generation especially during Northeast Monsoon because of the regions
there that can have 8 — 10 m/s. Wind variability for the northern part, covered by Sulu Sea, may make

wind projects there produce less power.

Based on these wind maps, the areas with potential wind resource have been identified and
the locations where the 7SEAS mission had made observations that coincide with those areas have
been selected for analysis. Since the Northwestern area are deemed to have good wind resource from
the wind maps, Guntao Islands and Notch Island observation locations are chosen for further analysis.
It also shows that the Sulu Sea area have potential for offshore wind farm development so, the Balabac
Island and Tubbataha Reef are also selected to be investigated. The analysis and investigation of these
sites involve comparison and validation with the mesoscale model. These will be done in the following
section. These sites will also be the locations to be simulated with microscale model and these results

will be discussed in Section 5.3.
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5.3 7SEAS Observation Comparison

An intercomparison of the three WRF configuration with the 7SEAS aerosol measurement
campaign around Palawan Island has been carried out. Wind observations made while the ship was
stationary, facing open seas, and have contiguous data of more than twelve hours were selected for
the validation. For simplicity, the WRF configurations listed in Table 5 (Page 74) will be referred by
their input data. Local times will be the reference despite the data being given in UTC since daytime
and night time atmospheric phenomena affect the winds. Each of the sites are to be discussed in each

subsection with a chronological order of the observations made by the 7SEAS campaign.

5.3.1 Balabac Island

The island at the southernmost tip of the main Palawan Island is called Balabac. Figure 76
presents the wind speeds off the coast of Balabac Island when the ship was anchored there on 16

September 2012.

Figure 76. Wind speeds from mesoscale model outputs and actual observations at Balabac Island on 16
September 2012

The ERA-Interim tracks the winds adequately except during the late morning until late
afternoon which can be seen in Figure 76. From that point in time, the wind speeds generated by the
NCEP-CFS configuration is comparable with the ship observations through the night until early

morning of the following day. NCEP-CFS simulates the conditions well but with an underestimated
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value most of the time. Late morning until early afternoon is captured slightly better by the ERA-

Interim. The sudden spike in wind speed is not reflected in any model settings’ output.

Figure 77. Wind direction values from mesoscale model results and measurements for Balabac Island on 16
September 2012

There is some difficulty for the model in reproducing the wind directions as shown in Figure
77. Winds coming from the Southwest are being generated by the model results. In the morning, the
NCEP-FNL are able to determine the wind directions and the varying wind directions throughout the

afternoon and evening are not being generated by the WRF.

5.3.2 Guntao Islands

There has been two stationary observations points around Guntao Islands because both North
and South Guntao Island has been considered for the measurement campaign. Upon consultation with
the crew and science team on board the ship, it was decided that the South Guntao Island is the better
location for observation between the two islands. So, the measurements for South Guntao are

compared to the mesoscale model results in this section.
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Figure 78. South Guntao Island wind speed measurements and model results for 24 September 2011

Wind speeds are generally overestimated by the NCEP-CFS and NCEP-FNL while the ERA-
Interim appears to be the best performing model configuration for this location as shown in Figure 78.
There is a smaller difference in the overestimated values from ERA-Interim in the morning until the
afternoon since the range is about 2 — 4 m/s. ERA-Interim underestimates the wind speed values in
the evening until 2am local time by 2 — 3 m/s. The ERA-Interim output reverts back to overestimating

the values beginning at 3 am until dawn.
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Figure 79. Modelled wind direction alongside measurements for South Guntao Island on 24 September 2011

In terms of the wind direction, the ERA-Interim gives the best performance most of the time for the
second day of observation as seen in Figure 79. Generally, the ERA-Interim has difficulty simulating
the wind direction late morning until before midnight. Wind directions at midnight until the early
morning are sufficiently represented by ERA-Interim.

An example that presents the performance of mesoscale models configured for long-term
weather patterns behaves when there is a local disturbance or extreme event is in Figure 80 and Figure
81. It is apparent that both NCEP-CFS and NCEP-FNL are overestimating the wind speeds in Figure 80.
The ERA-Interim dataset shows better performance until the sudden drop in wind magnitude
observed at night. This has been associated with the approaching typhoon named Nesat at the time
[152]. It shows that WRF in ARW mode has limitations when simulating sudden changes in weather
conditions due to extreme weather events which may be better suited for the operational mode of

WRF [150].
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Figure 80. South Guntao Island wind speed measurements and model results for 25 September 2011

This immediate change in the weather because of the approaching typhoon can also be seen
in the wind direction data in Figure 81 as the sudden shift from Southwest to Southeast in the evening.
WRF was unable to account for this extreme weather event since it was configured to simulate month
long weather patterns instead of short-term daily weather conditions. But the wind directions before

the typhoon affected the locality have similar West or Southwest winds.

Figure 81. Modelled wind direction alongside measurements for South Guntao Island on 25 September 2011
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5.3.3 Notch Island

At the Notch Island, it is shown in Figure 82 that ERA-Interim simulates the wind speeds better
than NCEP-CFS and NCEP-FNL. Both NCEP-CFS and NCEP-FNL tend to overestimate the wind speeds
while ERA-Interim show similar wind magnitudes as the recorded wind data. But ERA-Interim
underestimates wind speed values after midnight while NCEP-CFS is able to track the wind speed

trends at those times.

Figure 82. Simulated and observed wind speeds Notch Island on 21 September 2011

The wind directions at Notch Island are presented in Figure 83 where it shows that the three WRF

configurations have comparable performance in capturing the wind directions.
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Figure 83. Model outputs and measured wind direction for Notch Island on 21 September 2011

5.3.4 Tubbataha Reef

The last site to be discussed is the Tubbataha Reef which is located far from any coastline. At
this location, two observation sites have been selected for analysis. The first site is the Tubbataha
North Reef and the other one is the Tubbataha South Reef. Since there is no day where a 24-hour
period of observation has been made and the science team found no significant difference between
the two locations, the observations at the Tubbataha North Reef has been compared to the mesoscale
model outputs in this section.

In Figure 84, it shows that NCEP-CFS and NCEP-FNL are overestimating the magnitudes but
NCEP-CFS is the better performing configuration between the two. ERA-Interim is more capable of
modelling the wind speeds among the three at this site although there is a slight underestimation
between noon time until early evening and a slight overestimation late in the evening until the early

morning of the following day.
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Figure 84. Tubbataha North Reef wind speeds on 22 September 2012

Figure 85. Wind directions for Tubbataha North Reef on 22 September 2012

Figure 85 presents the wind direction for the North Reef where it can be seen that both NCEP-CFS and

ERA-Interim are yielding better wind direction values than NCEP-FNL. There are winds coming from
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the Northwest based on the wind records on the ship which are absent in the WRF results but the
general Western wind directions are still present in the simulations.
To quantify the performance of each WRF configuration, the RMSE has been calculated for

wind speed and wind direction. These results are listed in Table 31 for comparison.

Table 31. Error and bias values of wind speed and direction for each mesoscale model configuration settings

Configuration ERA-Interim NCEP-FNL NCEP-CFS

Location RMSE | Bias |STDE | RMSE | Bias | STDE [RMSE| Bias | STDE

Balabac Island Wind Speed 233 | -195 | 1.28 | 240 2.06 1.24 | 1.08 | 0.01 1.08

Wind Direction | 49.05 | 4.78 |48.82 | 4432 | 2.65 | 44.24 | 52.38 | 11.63 | 51.08

Guntao Islands Wind Speed 2.09 0.87 1.90 | 5.67 541 1.69 | 3.31 2.94 1.50

Wind Direction | 21.71 | -1.91 | 21.63 | 1438 | 5.86 | 13.14 | 20.82 | 13.75 | 15.64

Notch Island Wind Speed 1.26 | -0.46 | 1.18 | 3.81 3.49 1.52 1.75 1.11 1.35

Wind Direction | 22.67 | -11.22 | 19.70 | 18.05 | -531 | 17.26 | 18.86 | -5.65 | 17.99

Tubbataha Reef Wind Speed 140 | -0.18 | 1.39 | 331 2.74 1.85 | 2.07 1.66 1.23

Wind Direction | 34.37 | -13.56 | 31.58 | 54.17 | -41.76 | 34.51 | 36.10 | -15.57 | 32.57

For Balabac Island, NCEP-CFS has the least RMSE value of 1.08 m/s for wind speed and NCEP-FNL
has the smallest value of 44.32° for wind direction. Their corresponding bias and STDE values are also
the lowest as found in Table 31. This shows that a combination of both dataset as input data for the
mesoscale model is suited for Balabac Island. The RMSE, bias, and STDE values for Guntao Islands
present that ERA-Interim is the best performing configuration since they are the lowest among the
three configurations for wind speeds. Although NCEP-FNL's RMSE and STDE values for wind direction
in Guntao Islands may be better than ERA-Interim, the bias value of -1.91° is the least compared to
the other model settings considered in the study for Guntao Islands. Notch Island is where ERA-Interim
yields the best wind speed simulations while NCEP-FNL gives the best wind direction. But NCEP-FNL is
only marginally better in wind direction compared to NCEP-CFS and ERA-Interim since all three have
RMSE, bias, and STDE values that are close to each other as can be seen in Table 31. The Tubbataha
Reef area is also the region where ERA-Interim is capable of simulating the wind vectors better than
NCEP-CFS and NCEP-FNL configuration settings. This is proven by having the least RMSE, bias, and
STDE values compared to the other model settings in Table 31. The best performing model
configuration results are used as input data for the microscale model. Since the mesoscale model
output wind direction are predominantly Southwest, the model configuration that performs well in
generating the wind profile takes precedence in determining the best configuration for each site. A

summary is listed in
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Table 32.
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Table 32. Summary of best model configuration settings at each 7SEAS site
Location Configuration

Balabac Island NCEP-CFS

Guntao Islands ERA-Interim

Notch Island ERA-Interim

Tubbataha Reef | ERA-Interim

All the best model configuration that are listed in
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Table 32 are found to be using reanalysis datasets. This result show that reanalysis data are good
input data for mesoscale models in determining daily wind patterns or short-term time scales. The
usage of reanalysis data where they demonstrate excellent results are also found in the literature

[18,151] as discussed in Chapter 2. The best performing configurations in
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Table 32 are the same with the best configuration for September when the mesoscale model is
being validated with onshore weather stations in Section 5.1. The next section will deal with the

microscale modelling.

5.4 Microscale model

As discussed in Chapter 3, the microscale model chosen for this study is a CFD model developed
by WindSim AS. Similar comparison plots have also been done for the CFD outputs but only for
locations that have wind measurements for the 7SEAS ship observations. These comparison is made
in order to see if there are improvements to the wind profiling for coastal regions and open waters on
the selected sites from the 7SEAS campaign. Limited observations in offshore locations have only
allowed short term wind simulation comparison for the month of September in 2011 and 2012. Prior
to the comparison, the sensitivity of the CFD model has been done and will be discussed in the next

subsection.

5.4.1 CFD Sensitivity Tests

To determine the configuration suited for the Palawan Island, the sensitivity tests have been
carried out for the CFD model. These are whether to consider the mesoscale temperature data in the
simulations, varying the grid resolution, and changing the turbulence model. In this section, the results

of the tests are to be discussed.

5.4.1.1 Input Temperature Initialisation

This involves the usage of the temperature input from the mesoscale model results or not. It
is deemed essential to initialise the temperature when improvements from the microscale output is
evident [171]. Here, the discussion will be presented for each site selected from the 7SEAS campaign.
For these runs, the grid resolution is set to 152m and the turbulence model used is the standard k-&

model.
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5.4.1.1.1 BalabacIsland

O O

Predominant Model Wind Direction: SW
Figure 86. CFD model runs at Balabac Island that compares (a) simulation without WRF temperature and (b)
initialisation of temperature with mesoscale model results

In Figure 86(a), it can be seen that there is a small patch, encircled in red, over the water that have
higher wind speed where the wind has slowed down in close proximity to it as the coastal effects are
felt by the wind flow. This same area is no longer present in Figure 86 (b) within the encircled region.
There is also a patch over land, enclosed by a box in Figure 86 (a), where the wind speed appears to
increase suddenly then slows down. This patch is dramatically reduced in Figure 86 (b) and a uniform
area, enclosed in a box also, can be seen to have slowed down as the winds came nearer to the island.
The patches of speed up over land has shrunk for the case where the model is initialised with
mesoscale model results temperature. Even though there are no low wind speed occurrence
downstream, it is advisable to use temperature initialisation from the WRF results because simulations
for slightly stable and unstable atmospheric conditions yield better results [170,171] and the
atmospheric conditions in the Philippines are commonly unstable because of the area characterised

by many convective systems [153].
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5.4.1.1.2 Guntao Islands

Predominant Model Wind Direction: SW

Figure 87. CFD model runs at Guntao Islands that compares (a) simulation without mesoscale model output
temperature and (b) initialisation of temperature with mesoscale model results

Wake effects of islands are visible in Figure 87 that appears like a shadow behind the islands. The
patches over the water where the wind appear to speed up are present in Figure 87 (a) while it is not
there in Figure 87 (b) when the simulation has been initialised with mesoscale model temperature data.
There is a larger area where the wind has slowed down further behind the two islands in the middle
of the domain. This shows a combined wake effect by the two islands that propagates downstream.
The area between the two islands in Figure 87 (a) does not show this and appears the wind is unaffected
because the offshore wind speed persists. Thus, the temperature needs to be initialised with the

mesoscale model results for Guntao Islands.

5.4.2 Grid resolution sensitivity

The model results are affected by the size of the grid cells used in the simulation. Varying the
grid resolution to fine scale will show which grid size will suffice for the analysis. The temperature
initialisation test results are already incorporated into the runs and the turbulence model is set to be

the standard k- model. Each study site selected are discussed in the following sections.
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5.4.2.1 Balabac Island

Predominant Model Wind Direction: SW

Figure 88. CFD model runs at Balabac Island that compares different grid resolutions at (a) 152m, (b) 76m, and (c)
38m

Grid resolution at 152m is presented in Figure 88(a) which shows that the coarse topography yields
wind speeds that are essentially binary in value. As the grid resolution increases shown in Figure 88
(b) and Figure 88 (c), there is a better wind pattern representation because of the fine scale
topography. The wind speed begins to decrease farther from the shore compared to the coarser
resolution. Higher points on the land that are close to the coast have higher wind speeds compared
to the lower level points behind them which is realistic. Thus, the 38m resolution grid is the suitable

cell size for the Balabac Island simulations.

5.4.2.2 Notch Island

Predominant Model Wind Direction: SW
Figure 89. WindSim runs at Notch Island that compares different grid resolutions at (a) 152m, (b) 76m, and (c) 38m
In areas where there are multiple islands, Figure 89 shows that the high grid resolution of 38m gives
a better wind flow result because of the shadow effects made by high points on an island to the
downwind side behind it. These patches of low wind speeds are the wake effects caused by the islands
to the incoming winds. Thus, the 38m grid resolution is deemed to be the best cell size for the WindSim

Model.
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5.4.3 Turbulence Closure Scheme

With the grid resolution set to 38m, the sensitivity to the turbulence model is now considered.
The two turbulence closure scheme are the standard k-¢ and RNG k-g schemes. Both are compared by

running simulations at the same site and see the performance of the WindSim.

Predominant Model Wind Direction: SW

Figure 90. Comparison of different turbulence model using (a) standard k-g and (b) RNG k-€ over Balabac Island

Predominant Model Wind Direction: SW
Figure 91. Comparison of different turbulence model using (a) standard k-& and (b) RNG k-& over Notch Island

From the figures, it can be seen that there is no significant difference in using either of the two
turbulence closure scheme. The terrain is not very complex since the advantage of RNG k-¢ over
standard k-g¢ is in solving fluid flow for highly complex geometries [173]. An intensive wind

measurement campaign is required that will account for the intricacies of the topography in order to

156



determine which of the two schemes provides a better representation of the wind flow over the area.
In addition, the standard k-€ model is widely used because it has been proven to sufficiently model

fluid flows in many applications [162] so it is the turbulence model that is used for the study.

The results of the sensitivity tests has determined the appropriate configuration for the
microscale model for this study. These settings are listed in Table 33 and includes the other parameters

that have been determined from the literature as discussed in Chapter 3.

Table 33. Summary of microscale model configurations

Parameter Setting
Terrain Elevation ASTER GDEM v2
Roughness VCF Tree Cover

Boundary Layer Height | 1,500 m

Temperature Input Initialise from Mesoscale
Grid resolution 38m
Turbulence Model Standard k-¢

The model settings has been used in simulating the winds over the areas selected for further

downscaling. In the next section, the results of microscale model are to be presented.

5.5 Mesoscale and Microscale (CFD) Model Comparison

The results of the CFD simulations are validated with the 7SEAS observations and compared
with the mesoscale model in order to see the performance of the microscale model. Comparison for
each of the selected sites are discussed in this section. The flow of the discussion is similar with the
section on the 7SEAS observation comparison with the mesoscale results where the wind speeds and
wind direction at every chosen location are presented. The mesoscale model results used for

comparison and input for the CFD model are listed in
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Table 32 (Page 149).

The first site to be discussed is the Balabac Island where the NCEP-CFS mesoscale
configuration is used as the input data and for performance comparison. It is noticeable that the CFD
model and mesoscale model have similar wind speed patterns in Figure 92 but the CFD model

produces lower wind speeds. Thus, it is underestimating the wind speed values in Balabac Island.

Figure 92. Comparison of mesoscale and microscale model wind speed results off the coast of Balabac Island on 16
September 2012

The sudden dip in wind speed from 5 m/s to about 4 m/s between 2:00 to 5:00 is captured by the CFD
model. These times are being overestimated by the mesoscale model. So, the low wind speeds that
the mesoscale model cannot simulate are being reproduced by the CFD model. The sudden spike in
wind speed between 10:00 to 11:00 are still not reflected by both simulations. This shows that the
CFD model is dependent on the quality of input data from the mesoscale model in the same manner

that the mesoscale model depends on the input data for its simulations.
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Figure 93. Comparison of mesoscale and microscale model wind direction results off the coast of Balabac Island on
16 September 2012

The wind directions of the CFD model output are shown in Figure 93. Here, it appears that the CFD
model is generating the same directions as the mesoscale model. This is expected since the wind speed
patternsin Figure 89 for the two models are also similar. Thus, there is no improvement in determining

the wind directions using CFD model for this case.

The next site to be discussed is the simulation outputs for the Guntao Islands. Unlike the
Balabac Island results, there is a significant difference in the wind patterns generated by the mesoscale
model and the CFD model. This difference is the effect of the North and South Guntao Islands on the
wind flow which is illustrated in Figure 87. These small islands are not being taken into consideration
with the mesoscale model simulations because of the coarser topographical data being used by

mesoscale models.
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Figure 94. Comparison of mesoscale and microscale model wind speed results off the coast of Guntao Islands on 24
September 2011

It is evident in Figure 94 that the CFD model is more capable in simulating the wind conditions at the
Guntao Islands site than the mesoscale model. This shows that the CFD model gives wind speeds that
are closer to the observations between 1:00 to 8:00 and also around 20:00 until 23:00. These times
corresponds to the daytime period at the site. The mesoscale model and CFD model have similar wind
speed value range between 12:00 to 18:00 so, the CFD model cannot adequately simulate the local
night time period. The time between 20:00 to 23:00 are periods when the wind speeds slowed down
and it is noted that the mesoscale model suddenly increases in wind speeds at those times. In contrast,

the CFD model is a better representation of the low wind speed events as can be seen in Figure 94.

For the wind direction shown in Figure 95, the CFD model is producing wind directions that
are close to the wind direction generated by the mesoscale model. As with the case in Balabac Island,
there is no change in simulation capability in terms of wind direction when microscale model is

employed in determining the wind profile at the Guntao Islands site.
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Figure 95. Compatison of mesoscale and microscale model wind direction results off the coast of Guntao Islands on
24 September 2011

The third site is near Notch Island and the wind speed simulation results are shown in Figure 96. Once
again, the CFD model is able to simulate early morning local time, which corresponds to 16:00 to 23:00
and midnight to 5:00. The evening local time simulations of the CFD model at Notch Island is
performing better than in Guntao Islands because the mesoscale model fares better within that
period. This is indicative that the CFD model is still being driven by the mesoscale model results since
it is the input data for the simulations. Looking at Figure 97, the wind directions are nearly identical
for the mesoscale model and the CFD model. Thus, the CFD model is consistent with the mesoscale
model since the point of observation is relatively flat and should follow the predominant wind

direction of the mesoscale model.
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Figure 96. Comparison of mesoscale and microscale model wind speed results off the coast of Notch Island on 21

September 2011
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Figure 97. Compatison of mesoscale and microscale model wind direction results off the coast of Notch Island on
21 September 2011

162



The last site to be compared and validated is the one in Tubbataha Reef. This is an open water
location that is approximated to be flat by the CFD model as well as the mesoscale model. The wind

speed CFD model results are found in Figure 98 and the wind direction are shown in Figure 99.

Figure 98. Comparison of mesoscale and microscale model wind speed results off the coast of Tubbataha Reef on
22 September 2012

Both the wind speeds and wind direction are giving the same wind patterns as the mesoscale model.
This shows that flat terrains do not benefit from the fine resolution simulation capabilities of
microscale model. This suggests that the mesoscale model suffices for flat terrain or open water
regions. The wind speed results of the CFD model are lower once again than the mesoscale model
output. This is a similar characteristic that has been observed in the CFD model results for Balabac
Island. Thus, the mesoscale model has a better simulation results for flat terrain and offshore areas
that are far from land. There is also no appreciable change in the wind direction when comparing the
mesoscale model to the microscale model in Figure 99. It appears that the CFD model simply follows
the wind direction from the mesoscale model input data since there are no topography features that

can alter the wind flow in open waters.
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Figure 99. Comparison of mesoscale and microscale model wind direction results off the coast of Tubbataha Reef
on 22 September 2012

The errors and bias of the CFD model simulations has also been quantified and compared with the

corresponding values from the mesoscale model. The calculated values are listed in Table 34.

Table 34. Microscale Model Errors and Bias Quantification of Wind Speed and Wind Direction
Model Mesocale Microscale

Location RMSE | Bias |STDE | RMSE | Bias |STDE
Balabac Island Wind Speed 1.08 0.01 1.08 | 1.63 | -1.26 | 1.03
Wind Direction | 52.38 | 11.63 | 51.08 | 51.62 | 9.59 | 50.73
Guntao Islands Wind Speed 2.09 0.87 | 1.90 | 1.59 | -1.00 | 1.24
Wind Direction | 21.71 | -1.91 | 21.63 | 17.72 | 0.18 | 17.72
Notch Island Wind Speed 1.26 | -046 | 1.18 | 1.69 | -0.68 | 1.54
Wind Direction | 22.67 | -11.22 | 19.70 | 22.59 |-11.14| 19.65
Tubbataha Reef | Wind Speed 1.40 | -0.18 | 1.39 | 244 | -2.14 | 1.18
Wind Direction | 34.37 | -13.56 | 31.58 | 34.14 |-13.21| 31.48

There are two characteristics that appears when the RMSE, bias, and STDE values of mesoscale model
and microscale model are compared. The first one relates to the type of topography at the sites. Based
on the results, Tubbataha Reef and Balabac Island are relatively flat terrain locations so the model
performance in those areas are similar. It is found that the CFD model yields lower wind speed values
in such simple terrains and thus, the error values and bias are also higher compared to the mesoscale
model. For sites with small islands such as Guntao Islands and Notch Island, there is not much
difference in the RMSE, bias, and STDE values between microscale and mesoscale models. But it must

be pointed out that the low wind speed events are simulated better by CFD model while the higher
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wind speeds are sufficiently modelled by the mesoscale model. Wind speeds below 4.4 m/s are
compared in Table 35 in order to see that the microscale is yielding better wind speed values than the

mesoscale for low wind speed conditions.

Table 35. Comparison of low wind speed results between observation, mesoscale, and microscale

Dataset % Error . % Error
Location 7SEAS | Mesoscale Mesoscale Microscale Microscale
Balabac Island 4.08m/s | 5.82m/s 29.90 4.43 m/s 7.90
424 m/s | 5.67 m/s 25.22 4.06 m/s 4.43

445m/s | 7.20 m/s 38.19 3.77 m/s 18.04
325m/s | 4.88 m/s 33.40 4.94 m/s 34.21
3.59m/s | 6.03 m/s 40.46 4.15 m/s 13.49
3.62m/s | 6.73 m/s 46.21 2.71 m/s 33.58
Notch Island 3.54m/s | 4.28 m/s 17.29 3.21 m/s 10.28
Tubbataha Reef 425m/s | 6.22 m/s 31.67 3.86 m/s 10.10

Guntao Islands

The second characteristic is on the wind direction since there is a slight overall improvement in terms
of RMSE, bias, and STDE with the CFD model in comparison to the mesoscale model. But these are not
visible in the side by side comparison of wind direction of mesoscale and microscale models since the

general wind profile in terms of direction almost the same.

5.6 Discussion
The simulation results using the mesoscale model has been analysed for each month from 2010

— 2012 in order to find seasonal patterns in the winds over the Palawan Province. The validation of
the mesoscale model has shown that certain model configurations are appropriate for particular
months of the year for both wind speed and wind direction. There are also settings that are suited for
certain locations around the province. From the results, wind speeds that are 0 — 4 m/s are not being
simulated well by the mesoscale model. This is consistent with the results of other studies that uses
mesoscale modelling [18,20] and even studies that employs remote sensing methods with satellite
data [121,127]. The limitation of the mesoscale model can be addressed by the microscale model
which will be discussed in this section. The monthly suitability of the settings also show that a long-
term seasonal pattern has been determined for the capability of the mesoscale model to produce

wind profiles for the study area.

On seasonal and climate trends; reanalysis data, namely NCEP-CFS and ERA-Interim, are useful
for long-term trend analysis for wind farm projects [174]. This has been found to be true in the wind
speed validation of the Coron Island, Cuyo Island, and Puerto Princesa locations. The Southwest
Monsoon, spanning May — September months, wind speeds are simulated best when the ERA-Interim
settings are used in Coron and Cuyo islands. These are consistent with the findings of Dado and
Takahashi [151] in their study for the Northwest region of the Philippines. Puerto Princesa wind speeds

have been simulated suitably using the NCEP-CFS settings for the entire year as can be seen in Table
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29 (Page 125). The Northeast Monsoon has also been adequately modelled using NCEP-CFS
configurations for Cuyo Island. These results show that the configuration for the mesoscale model
within the Palawan Province is sensitive in certain areas. It demonstrates that regions composed of
different islands close to each other requires a particular model configuration that must be
determined through validation. This is in contrast with previous studies that have contiguous land
masses where a particular model configuration is used for all the months for the entire study domain
such as Carvalho et al. [18] and Chancham, Waewsak, and Gagnon [114]. Thus, a unique wind profile
for each island in an archipelago may exist and must be considered when studying such types of areas.

Concerning the wind direction, NCEP-FNL can be a good model setting for monthly wind
direction averages because its purpose as an operational analysis data are for weather forecasting and
diagnostics which are short-term events for the atmosphere [150]. This has proven to be correct by
the Puerto Princesa validation since many months, listed in Table 30 (Page 136), at that location are
suited to be modelled using NCEP-FNL for wind direction. These findings show that operational
datasets must be considered for WRA purposes as there are sites that can be simulated better with
operational datasets than reanalysis datasets. This is a significant result determined in this work
because many studies [20,127,164] are focused on using reanalysis datasets only. This is another
instance where wind simulations for an archipelagic domain may benefit from utilising a different
dataset because of complexity in terrain [154] and meteorology [152] than large land masses. In Cuyo
and Coron islands, the wind directions are determined best with the ERA-Interim configuration for
multiple months of the year. The simulations have shown that the mesoscale model can represent the
general wind flow over the Palawan Island. This is demonstrated by the ground based measurements
from the PAGASA weather stations so, the outputs from the appropriate mesoscale model
configuration can be extracted and generate wind maps.

In terms of location, the mesoscale model had difficulty in simulating the Coron and Cuyo
Islands whereas the Puerto Princesa is being simulated adequately. Coron and Cuyo Islands are located
within an area where there are many small islands surrounding them. In contrast, Puerto Princesa is
located between a bay and the Sulu Sea. This show the difficulty of the mesoscale model in
determining winds in groups of islands that are small and close to each other. Since the Puerto
Princesa site is facing the open sea, the mesoscale model is able to simulate the wind conditions at
that location.

Wind maps for Palawan Province are generated based on the mesoscale model results. This is
possible because the coarse resolution domain of the model covers the entire province as presented
in Chapter 3. The maps show that wind resource are abundant during the Northeast Monsoon for the

Philippines. This is evident from Figure 38(a) and Figure 39(b) where January and September months
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have high wind speeds over the region. Recall that January is the time when the Northeast Monsoon
winds are strong and September is the transition period from Southwest Monsoon to Northeast
Monsoon. Wind resource are moderately good during the Easterlies as shown in Figure 38(b) where
April have winds that are adequate for wind power production. It is the Southwest Monsoon when
the winds decrease in Palawan but there are certain areas where wind resource are still significantly
high such as the area centred at 10°N, 118°E where winds are at least 5 m/s throughout the year. The
decrease in wind speed down to 1 — 2 m/s during the Southwest Monsoon is characteristic of the
topography of the Southeast Asian region where the winds coming from the Indian Ocean are being
affected by the Indochina Peninsula before reaching the Palawan Province [154]. Even though the
South China Sea has been determined to possess good offshore wind resource, it is necessary to
determine the wind profile of Palawan that faces the South China Sea since there are areas that have
poor wind resource during the Southwest Monsoon. The various maps of each month has shown that
the Southwest Monsoon is a crucial point of time for the year when determining a good offshore wind
farm site because of the overall low wind speed regime experienced in most of the province. These
slow winds may cause insufficient wind resource for power production for the months of May to
September but there are areas such as within the vicinity of 10°N, 118°E where wind speeds are
sustained to be at least 5 m/s even in the Southwest Monsoon season. From the results, the winds are
greatly affected by monsoons and must be considered when planning offshore wind projects as they
determine the predominant wind flow direction in the region.

CFD model results has shown that there are little difference between the mesoscale model
results and the microscale model output in terms of wind direction. This is because the locations near
the shore of islands are relatively flat terrain so, topographical features that can influence local wind
direction are absent. The Balabac Island wind speeds from the mesoscale model and CFD model have
similar pattern. Results from the CFD model are found to be underestimating the wind speeds at the
site. This behaviour also occurs in Tubbataha Reef which is the open water site for this study. Thus,
Balabac Island is essentially an open water location that is not affected by land masses near it. This
finding proves that mesoscale model results are sufficient for wind profiling in open water locations.

For the Notch Island and Guntao Islands, there is a difference between the mesoscale model
and CFD model wind speed results. This presents that the site is influenced by nearby islands which
affects the wind speeds. In these locations, the daytime period are simulated better by the CFD model
compared to the mesoscale model. It has also been determined that low wind speed events are
modelled better by the CFD model. It is important that the daytime period can be simulated
adequately because it is during the day when energy is needed [25] thus a more accurate potential

wind power production for the day period is more important when performing WRA than nighttime.
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The ability of the microscale model to simulate the low wind speed regimes in complex terrain is a
significant finding because this will be useful in addressing the limitation of mesoscale models where
low wind speeds are overestimated. This can allow better wind profiles for areas with no or few wind
observations because a better wind characterisation from a wider wind speed range can be
represented by combining the mesoscale and microscale model results. The improvement is brought
about the determination of low wind speed episodes that may arise in certain areas which will not be
determined by the mesoscale model. Such accuracy for low wind speeds offered by the microscale
model will enable more accurate wind profiles to be utilised for WRA.

Another area that mesoscale models are having difficulty in simulation are the coasts [20]. In
fact, even satellite-based measurements cannot make accurate observations of winds close to the
shoreline [121,127]. The approximation made by mesoscale models through smoothening of the
terrain are definitely affecting its performance in such land-sea interface. This is especially a problem
with Palawan Province where cliffs can be found near the shore. The microscale model is able to
compensate this limitation as shown by the results in Notch Island and Guntao Islands. The wind
speeds of the microscale model is no longer simply tracking the mesoscale model because of the
complex terrain involved but the complex meteorology of land-sea interaction must be taken into
account in order to improve the microscale model results.

Overall, the ERA-Interim mesoscale model configuration is the best input data for CFD wind
simulations on coastal and open waters surrounding Palawan Island but a more extensive offshore
observation is needed to make a better validation study and sensitivity test. The wind maps produced
from the mesoscale-microscale model coupling method enables better site selection for intensive
wind measurements for offshore wind farm projects. Upon consideration of the wind maps and model
validation, these results suggest that the Balabac Island, Guntao Islands, Notch Island, and Tubbataha
Reef have potential wind resource where offshore wind measurement campaigns can be deployed to
build a better wind profile of the sites that can show the feasibility of offshore wind projects at these

locations.

There is a potential onshore wind resource at Palawan Province as it was shown in a prior
study for the Philippines [16]. This work extends that WRA by investigating the surrounding waters in
the province. With the WRA technique, this study has shown that the waters around Palawan are
indeed good sites for wind energy development. This is found to be in agreement with the other
research in the South China Sea from various countries [98,101,102,118]. The study has also
determined that the Sulu Sea has potential for offshore wind project development but an intensive

wind profile study in the area is advised.
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The method presented in this study has demonstrated that in the absence of in-situ data, the
technique can be used for WRA at offshore locations around Palawan Province. This technique
involves using mesoscale models to simulate wind speeds that coincides with long-term onshore
observations. It is necessary in order to validate the results and characterise the wind profiles
according to monthly and seasonal periods. This will allow the identification of sites because the
seasonal variabilities within the domain can be determined [174]. These variabilities will guide the site
selection because the locations with consistent winds can be known that will merit further

investigation in terms of wind profiles.

A better wind profile for the selected locations deemed to have potential for offshore wind
development can be known through the use of microscale models. The microscale model has the
capacity to incorporate high resolution digital elevation maps which is important for complex terrain
such as the cliffs near the coasts of Palawan. As it has been known that tropical meteorology is
complex [152], high spatial resolution of microscale model can offer better wind model results
provided that local atmospheric dynamics such as land-sea interaction are incorporated well into the
model. Using the mesoscale model results as input data for the microscale model has shown that it is
not sufficient for open waters and high wind conditions to improve the wind simulation results. Thus,
a long-term offshore wind observation could improve the microscale model output or an improved,
new generation, and high resolution input dataset to the mesoscale model can produce a better
output. This output canin turn allow the microscale to produce an improved wind profile since a better

meteorology of the local vicinity is incorporated in the simulations.

5.7 Summary

The model results found that model configuration for wind speed and wind direction can
differ. It is also found that certain locations can vary in the appropriate configuration for simulation
depending on the time of the year. Thus, the model settings are to be changed in accordance to the
seasons that govern the winds in the Philippines. These seasons are known as the Northeast Monsoon,
Easterlies, and Southwest Monsoons. Northeast Monsoon begins in September and ends in March
which is characterised by strong winds, cold temperature, and dry spells. Easterlies occurs in April and
May which brings hot and dry weather in the Philippines and the winds are coming from the Pacific
Ocean. Southwest Monsoon is the time when hot, humid, and wet weather blankets the country and
winds are weaker during these times. For brevity, each configuration will be referred by the

corresponding input data utilised for the simulation as explained in Chapter 3.

Comparing the mesoscale model results with the PAGASA data, it is found that Coron and

Cuyo islands wind speeds are adequately simulated using the ERA-Interim configuration during the
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Southwest Monsoon. The Coron Island wind speeds can be modelled by a particular configuration
depending on the month during Northeast Monsoon and by NCEP-FNL during the Easterlies as
discussed in Chapter 5. Wind speeds over Cuyo Island are simulated well with the NCEP-CFS model
settings during the period when the Northeast Monsoon intensifies. Puerto Princesa wind speeds are
determined to be capably modelled by the NCEP-CFS for the whole year. Regarding the wind direction,
ERA-Interim configuration is still found to be sufficient for simulating Coron and Cuyo islands during
the Southwest Monsoon. For other times of the year, a particular configuration is appropriate for a
corresponding month in Coron and Cuyo as listed in Table 25. The same is true for Puerto Princesa’s

wind direction but it is notable that many months are being modelled well with NCEP-FNL settings.

Wind maps with a spatial resolution of 3km x 3km can be generated from the mesoscale model
results. These maps show that Palawan Province have good offshore wind resource during the
Northeast Monsoon because of the strong winds during that season. Winds speeds decreases when
the Easterlies sets in but these are still satisfactory wind conditions for offshore wind farms. During
the Southwest Monsoon, the wind speeds decreases drastically but there are areas at the west of
Palawan centred at 10°N, 118°E where the winds can reach 12 m/s. The area have a minimum of 5
m/s wind speeds throughout the year so, this is an area that can be further studied by deploying
offshore wind observation platforms to further determine the wind profile of the area as a potential

development project for offshore wind farms.

From the validations with 7SEAS wind data, it has been found that the output from NCEP-CFS
configuration is appropriate for Balabac Island and ERA-Interim are deemed to be suitable for Guntao
Islands, Notch Island, and Tubbataha Reef. These has been discussed in Chapter 5 and have been used
as input data for the CFD model. The results from the CFD model has demonstrated that Balabac Island
and Tubbataha Reef have similar results. The CFD model is tracking the wind speed profile of the
mesoscale model but with lower values. There is also no significant difference between the wind
direction model outputs between the mesoscale model and microscale model. The similarity between
the two sites show that the Balabac Island observation point is similar to open water locations such as
the Tubbataha Reef which are essentially flat terrains. Since the output of the mesoscale model are
better than the CFD model, the use of microscale model in open waters is not necessary because the
wind profiles obtained from mesoscale models are sufficient. The observation points near Guntao
Islands and Notch Island show an improvement for the CFD model in wind speed results compared to
the mesoscale model during day time period and low wind speed events. This shows that in areas
where neighbouring islands can influence the wind profiles near the shore, the CFD model offers

better wind simulation results. In terms of the CFD model performance in determining the wind
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direction, there is no change that can be seen between the mesoscale model and CFD model but a
marginal improvement for the CFD model appears from the calculation of RMSE, bias, and STDE
values. This similarity in wind direction suggests that there are no significant terrain features at the
observation point that can redirect winds because it is located at coastal waters which is considered

flat in the model.
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6 CONCLUSION

In this last chapter, the relevant research outcomes will be presented and how these contributes
to the body of knowledge on wind characterisation for wind energy development applications.

Suggestions in continuing this research will also be discussed in the last section.

6.1 Research Outputs

This work sought to find an appropriate offshore WRA method for areas in the low latitude
and small island locations because it would be beneficial for these places to develop offshore wind
farm projects for their energy needs. In the low latitude, there are limited data available that can be
used to produce wind maps for WRA. In studying the literature, it has been determined that NWP is a

viable option when data is scarce which has been discussed in Chapter 2.

High resolution wind maps with long time scales are necessary for WRA so that locating areas
with good wind resource can be more accurate and precise as well as find the seasonal wind patterns.
The wind maps from the mesoscale model are at 3km x 3km resolution and covers the years of 2010
to 2012 which can be found in Figure 38 and Figure 39. These would be enough to find the areas where
good wind resource are available and the three-year period analysed allowed the identification of the

seasonal patterns when wind speeds are high.

Coastal regions are found to be troublesome to be simulated by mesoscale model or even
observed by satellites. This study incorporated the use of CFD models to remedy this limitation so that
a better wind profile for coastal areas can be achieved. Near-shore locations or coastal areas are of
interest especially for developing countries because these sites are less expensive in cost and
maintenance when compared to offshore wind farms situated far from the shoreline. The utility of
CFD models in compensating the overestimated wind speeds from mesoscale models in sites where

multiple islands are present have been demonstrated in Chapter 5.

A method for performing WRA for low latitude regions of the planet and small island nations
has been developed by studying the Palawan Province in the Philippines. The entire process of data
gathering and tidying, model configuration, model validation, and wind map generation have been
discussed in Chapter 3 and Chapter 4. These will serve as a guide in performing initial offshore WRA

for other locations in the low latitude.
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Thus, the relevant findings from these study are as follows:

WRA can be performed for low latitude regions and small island nations even with

limited data availability by using NWP based on the literature.

e long-term wind maps can be generated from mesoscale model results to locate
potential wind development sites and determine the seasonal wind characteristics for

further wind profiling studies.

e Microscale model can complement the mesoscale model by addressing the limitation
of mesoscale models with regards to low wind speed overestimations and land-sea

interaction in coastal areas.

e The method used in this research can be employed for initial WRA in low latitudes and

small islands.

6.2 Contribution to Knowledge

This research aimed to find an offshore WRA method that may be adapted to low latitude
regions of the world and small islands. It has found that NWP is an available tool for the purpose but
there are multiple model settings that must be determined before using it to produce wind profiles
that can be used for wind maps. In the course of the simulations and model validations, it has been
found that there are seasons or particular months that are modelled better by a corresponding model
configuration. These results are summarised in Table 24, 25, and 27. Previous studies [18,144,164]
would only focus on a single configuration that the authors deem to be the best one for their study
area. It is also common in the literature [20,113,127] to use reanalysis datasets for WRA but
operational datasets such as NCEP-FNL that was used in this work should be considered since there
are certain months where using it as input data for the mesoscale model yields the best performing
simulations. The research has shown that coupling mesoscale model with microscale model will
improve wind speed simulations for low wind speed conditions at areas near the coasts. This
demonstrates that CFD model are useful and beneficial for characterising wind patterns in coastal
areas and not just for onshore and complex terrains [136,143]. The combination of the mesoscale and
microscale model can yield better wind profiles for sites close to shorelines and should allow for better
accuracy and precision in determining locations that are good for offshore wind development projects.
This will allow feasibility studies to be made on offshore locations and enable better decisions

regarding proposed offshore wind projects in the low latitudes.
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6.3 Recommendations for Future Work

The simulation results can be improved by using the next generation reanalysis data such as
ERA-5 because these have higher spatial and temporal resolutions that can allow the mesoscale model
to produce fine scale outputs. Since the CFD model is dependent on the data quality coming from the
mesoscale model, it will also produce better wind simulation results. The simulation results can also
be validated with satellite measurements to enable a wider area of comparison in addition to the point
measurements from weather stations or campaigns. Complex meteorology must be incorporated into
the microscale model in order to gain a better understanding of wind conditions in the coastlines. The
dynamics of land-sea interaction should be included so that an improved wind simulation can be
achieved. Wind characterisation of coastal areas are essential as it offers an alternative that has low
surface roughness as open seas but at a less expensive cost because it would not be located in deep
waters. These type of wind farms are called intertidal and such a project is at the construction phase
in Vietnam [65]. A decision support system can also be implemented with the wind simulations in

order to develop a platform that can aid in the decision-making of offshore wind energy projects.
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Appendix 1: Mesoscale Model Wind Speed Scatter Plots

Figure 100. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for
January 2010.

Figure 101. Scatter plot of different WREF model settings with PAGASA station data in Puerto Princesa
for January 2010.
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Figure 102. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for February
2010.

Figure 103. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for February
2010.
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Figure 104. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for February
2010.

Figure 105. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for March
2010.
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Figure 1006. Scatter plot of different WREF model settings with PAGASA station data in Cuyo Island for March 2010.

Figure 107. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for April 2010.
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Figure 108. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for April 2010.

Figure 109. Scatter plot of different WREF model settings with PAGASA station data in Puerto Princesa for April
2010.
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Figure 110. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for May 2010.

Figure 111. Scatter plot of different WREF model settings with PAGASA station data in Puerto Princesa for May
2010.
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Figure 112. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for June 2010.

Figure 113. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for June
2010.
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Figure 114. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for July 2010.

Figure 115. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for July
2010.
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Figure 116. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for August
2010.

Figure 117. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for August
2010.
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Figure 118. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for August
2010.

Figure 119. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for October
2010.
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Figure 120. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for October
2010.

Figure 121 Scatter plot of different WRF model settings with PAGASA station data in Coron Island for November
2010.
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Figure 122. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for December
2010.

Figure 123. Scatter plot of different WREF model settings with PAGASA station data in Puerto Princesa for
December 2010.
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Figure 124. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for January
2011.

Figure 125. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for January
2011.
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Figure 126. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for January
2011.

Figure 127. Scatter plot of different WREF model settings with PAGASA station data in Cuyo Island for February
2011.
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Figure 128. Scatter plot of different WREF model settings with PAGASA station data in Puerto Princesa for February
2011.

Figure 129. Scatter plot of different WREF model settings with PAGASA station data in Coron Island for March
2011.
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Figure 130. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for March 2011.

Figure 131. Scatter plot of different WREF model settings with PAGASA station data in Puerto Princesa for March
2011.
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Figure 132. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for April 2011.

Figure 133. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for April 2011.
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Figure 134. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for May 2011.

Figure 135. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for May 2011.
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Figure 1306. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for June 2011.

Figure 137. Scatter plot of different WREF model settings with PAGASA station data in Cuyo Island for June 2011.
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Figure 138. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for July 2011.

Figure 139. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for July 2011.
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Figure 140. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for July
2011.

Figure 141. Scatter plot of different WRIF model settings with PAGASA station data in Coron Island for August
2011.
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Figure 142. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for August
2011.

Figure 143. Scatter plot of different WREF model settings with PAGASA station data in Coron Island for September
2011.
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Figure 144. Scatter plot of different WREF model settings with PAGASA station data in Cuyo Island for September
2011.

Figure 145. Scatter plot of different WREF model settings with PAGASA station data in Puerto Princesa for
September 2011.
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Figure 142

Figure 1406. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for October
2011.

Figure 147. Scatter plot of different WREF model settings with PAGASA station data in Cuyo Island for October
2011.
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Figure 148. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for November
2011.

Figure 149. Scatter plot of different WREF model settings with PAGASA station data in Cuyo Island for November
2011.
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Figure 150. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for
November 2011.

Figure 151. Scatter plot of different WRIF model settings with PAGASA station data in Coron Island for December
2011.
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Figure 152. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for December
2011.

Figure 153. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for January
2012.
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Figure 154. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for January
2012.

Figure 155. Scatter plot of different WRE model settings with PAGASA station data in Coron Island for February
2012.
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Figure 156. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for February
2012.

Figure 157. Scatter plot of different WREF model settings with PAGASA station data in Coron Island for March
2012.
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Figure 158. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for March 2012.

Figure 159. Scatter plot of different WREF model settings with PAGASA station data in Puerto Princesa for March
2012.
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Figure 160. Scatter plot of different WREF model settings with PAGASA station data in Cuyo Island for May 2012.

Figure 161. Scatter plot of different WREF model settings with PAGASA station data in Puerto Princesa for May
2012.
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Figure 162. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for June 2012.

Figure 163. Scatter plot of different WREF model settings with PAGASA station data in Cuyo Island for June 2012.
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Figure 164. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for June
2012.

Figure 165. Scatter plot of different WRIE model settings with PAGASA station data in Coron Island for July 2012.
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Figure 166. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for July 2012.

Figure 167. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for August
2012.
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Figure 168. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for August
2012.

Figure 169. Scatter plot of different WRIE model settings with PAGASA station data in Puerto Princesa for August
2012.
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Figure 170. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for September
2012.

Figure 171. Scatter plot of different WREF model settings with PAGASA station data in Cuyo Island for September
2012.
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Figure 172. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for
September 2012.

Figure 173. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for October
2012.
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Figure 174. Scatter plot of different WRF model settings with PAGASA station data in Cuyo Island for October
2012.

Figure 175. Scatter plot of different WREF model settings with PAGASA station data in Puerto Princesa for October
2012.
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Figure 176. Scatter plot of different WRF model settings with PAGASA station data in Coron Island for November
2012.

Figure 177. Scatter plot of different WREF model settings with PAGASA station data in Cuyo Island for November
2012.
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Figure 178. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for
November 2012.

Figure 179. Scatter plot of different WREF model settings with PAGASA station data in Coron Island for December
2012.
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Figure 180. Scatter plot of different WRF model settings with PAGASA station data in Puerto Princesa for
December 2012.
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Appendix 2: Mesoscale Model Wind Direction Charts

(a) (b) ()

——PAGASA ——ERA-Interim NCEP FNL NCEP CFS

Figure 181. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of January 2010

(a) (b) ()
=—=PAGASA ===ERA-Interim NCEP FNL NCEP CFS

Figure 182. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of April 2010

(a) (b) (c)
=—=PAGASA ===ERA-Interim NCEP FNL NCEP CFS

Figure 183. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of June 2010
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(a) (b) ()
=——PAGASA ===ERA-Interim NCEP FNL NCEP CFS

Figure 184. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of July 2010

(a) (b) (c)
——PAGASA ==ERA-Interim NCEP FNL NCEP CFS

Figure 185. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of August 2010

(a) (b) (c)
——PAGASA = ERA-Interim NCEP FNL NCEP CFS

Figure 186. Comparison of average wind direction between WRFE output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of September 2010
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(a) (b) ()
=—=PAGASA ===ERA-Interim NCEP FNL NCEP CFS

Figure 187. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of October 2010

(a) (b) (c)
——PAGASA =——ERA-Interim NCEP FNL NCEP CFS

Figure 188. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of November 2010

(a) (b) (c)
=—=PAGASA ===ERA-Interim NCEP FNL NCEP CFS

Figure 189. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of December 2010
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(a) (b) (c)
=—=PAGASA ===ERA-Interim NCEP FNL NCEP CFS

Figure 190. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of January 2011

(a) (b) ()

=—=PAGASA ===ERA-Interim NCEP FNL NCEP CFS

Figure 191. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of February 2011

(a) (b) ()
=—=PAGASA ===ERA-Interim NCEP FNL NCEP CFS

Figure 192. Comparison of average wind direction between WRI output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of March 2011
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(a) (b) (c)
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Figure 193. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of May 2011

(a) (b) (c)

——PAGASA ——ERA-Interim NCEP FNL NCEP CFS

Figure 194. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of June 2011

(a) (b) (c)
=—=PAGASA ===ERA-Interim NCEP FNL NCEP CFS

Figure 195. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of August 2011
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Figure 196. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of November 2011

(a) (b) (c)
——PAGASA ==ERA-Interim NCEP FNL NCEP CFS

Figure 197. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of December 2011

(a) (b) (c)

=—=PAGASA ===ERA-Interim NCEP FNL NCEP CFS

Figure 198. Comparison of average wind direction between WRI output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of February 2012
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Figure 199. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of March 2012

(a) (b) (c)

=—=PAGASA ===ERA-Interim NCEP FNL NCEP CFS

Figure 200. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of April 2012

(a) (b) (c)

——PAGASA ——ERA-Interim NCEP FNL NCEP CFS

Figure 201. Comparison of average wind direction between WRI output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of May 2012

233



(a) (b) (c)

=—=PAGASA ===ERA-Interim NCEP FNL NCEP CFS

Figure 202. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of July 2012

(a) (b) (c)

——PAGASA ——ERA-Interim NCEP FNL NCEP CFS

Figure 203. Comparison of average wind direction between WREF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of September 2012

(a) (b) (c)

——PAGASA ——ERA-Interim NCEP FNL NCEP CFS

Figure 204. Comparison of average wind direction between WRI output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of October 2012

234



(a) (b) (c)

=—=PAGASA ===ERA-Interim NCEP FNL NCEP CFS

Figure 205. Comparison of average wind direction between WRF output and observation data at (a) Coron Island,
(b) Cuyo Island, and (c) Puerto Princesa for the month of December 2012
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Appendix 3: PAGASA with Mesoscale Model Wind Speed and Wind Direction Data

Table 35. January 2010 wind data at Coron Island from onshore weather station and meoscale model output

Source PAGASA ERA-Interim NCEP FNL NCEP CFSR
Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction

Date (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees)
01/01/2010 1 0 9.66 76.91 6.61 71.41 8.18 71.64
02/01/2010 1 0 6.54 72.38 5.25 66.77 7.04 73.05
03/01/2010 1 0 4.27 76.95 3.70 66.58 4.79 90.23
04/01/2010 2 140 5.88 90.10 5.41 98.16 5.33 100.41
05/01/2010 2 0 4.02 82.60 5.08 77.02 6.01 85.46
06/01/2010 2 120 3.33 86.83 3.88 62.86 4.23 63.60
07/01/2010 1 0 3.06 88.18 1.89 57.86 2.10 261.55
08/01/2010 2 0 3.32 83.83 3.05 68.72 3.13 82.25
09/01/2010 2 0 3.79 75.47 4.32 51.86 5.35 68.55
10/01/2010 1 0 3.67 80.73 3.12 72.68 3.96 61.99
11/01/2010 0 0 3.84 60.32 3.40 358.22 3.39 20.79
12/01/2010 2 0 4.52 354.11 5.14 359.35 3.48 1.94
13/01/2010 1 120 7.19 72.07 6.56 66.63 7.25 76.43
14/01/2010 2 90 8.05 70.64 7.61 62.60 9.08 68.78
15/01/2010 2 140 7.20 74.39 6.56 65.56 5.62 61.71
16/01/2010 1 0 6.01 58.95 6.68 61.52 6.73 61.33
17/01/2010 2 40 11.85 65.57 11.23 74.93 9.99 70.37
18/01/2010 4 40 12.31 81.62 11.90 81.41 11.26 81.35
19/01/2010 4 40 12.51 82.40 12.74 83.53 11.87 84.89
20/01/2010 5 40 10.44 79.98 10.26 80.86 10.32 82.67
21/01/2010 2 140 8.58 81.28 9.07 78.05 9.32 78.97
22/01/2010 2 40 9.15 80.50 8.20 72.08 7.11 75.49
23/01/2010 0 0 7.72 73.10 7.11 67.50 7.68 74.21
24/01/2010 1 40 9.02 81.07 9.55 79.70 10.02 79.84
25/01/2010 1 40 9.42 80.20 9.72 79.59 9.75 80.15
26/01/2010 4 40 10.60 77.39 12.07 78.18 11.40 78.42
27/01/2010 3 40 9.65 79.41 9.72 75.74 10.17 79.04
28/01/2010 2 40 8.41 80.13 7.51 73.02 7.26 71.65
29/01/2010 2 40 6.97 75.39 6.33 64.53 6.71 70.13
30/01/2010 2 40 7.81 79.25 7.71 77.06 8.01 76.71
31/01/2010 3 40 9.13 85.82 9.17 83.88 10.05 84.14
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Table 306. January 2010 wind data at Cuyo Island from onshore weather station and meoscale model output

Source PAGASA ERA-Interim NCEP FNL NCEP CFSR
Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction
Date (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees)
01/01/2010 3 20 11.95 43.90 11.87 39.48 11.56 41.68
02/01/2010 3 20 9.83 42.50 8.95 41.10 8.97 40.21
03/01/2010 3 20 6.66 38.74 4.19 39.15 4.62 36.92
04/01/2010 2 20 7.02 38.68 3.54 56.07 3.21 58.19
05/01/2010 2 20 7.68 36.58 7.06 40.02 6.28 35.34
06/01/2010 2 20 8.07 34.22 8.09 37.28 7.96 35.62
07/01/2010 4 20 9.06 39.03 10.24 34.80 9.41 35.18
08/01/2010 3 20 9.07 38.43 9.74 36.31 9.56 37.55
09/01/2010 2 20 8.84 37.21 9.98 37.64 9.79 38.79
10/01/2010 3 20 7.87 37.23 9.80 38.51 8.88 40.64
11/01/2010 3 20 7.12 28.22 9.99 26.94 8.51 27.35
12/01/2010 2 20 9.06 27.65 11.44 28.84 11.16 30.42
13/01/2010 4 20 12.26 38.57 13.13 38.71 13.31 40.45
14/01/2010 5 20 13.45 39.74 14.22 39.44 14.16 39.65
15/01/2010 5 40 13.33 38.22 14.29 40.01 14.22 37.98
16/01/2010 5 40 12.80 39.60 13.60 40.95 13.32 40.63
17/01/2010 5 40 12.94 46.89 11.50 46.63 11.90 46.79
18/01/2010 4 40 10.33 51.75 7.99 51.94 9.18 50.22
19/01/2010 3 40 10.23 51.15 9.04 54.45 8.77 52.00
20/01/2010 3 40 10.60 48.63 10.86 45.31 9.97 45.34
21/01/2010 3 40 9.66 44.99 10.76 43.87 10.25 44.89
22/01/2010 4 40 10.45 44.95 10.99 42.42 10.76 41.19
23/01/2010 4 40 10.35 44.34 11.27 42.34 10.21 42.90
24/01/2010 4 40 10.74 45.43 11.09 45.46 11.01 44.67
25/01/2010 5 40 10.17 45.12 10.44 48.31 10.15 46.93
26/01/2010 4 40 10.86 49.94 11.28 48.89 11.08 47.29
27/01/2010 4 40 10.29 47.20 10.88 45.19 10.83 45.21
28/01/2010 5 40 9.45 44.11 9.66 43.86 9.54 43.27
29/01/2010 5 40 9.60 40.98 9.97 38.25 9.81 38.92
30/01/2010 5 40 8.90 43.45 9.80 43.55 9.48 43.45
31/01/2010 3 40 8.25 46.13 8.90 46.13 8.58 44.16

237



Table 37. January 2010 wind data at Puerto Princesa from onshore weather station and meoscale model output

Source PAGASA ERA-Interim NCEP FNL NCEP CFSR
Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction

Date (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees)
01/01/2010 5 90 6.34 65.94 6.49 61.27 6.27 62.57
02/01/2010 4 90 5.50 65.72 4.65 69.08 4.08 67.92
03/01/2010 3 90 2.99 73.64 3.55 90.99 2.77 86.94
04/01/2010 3 90 3.16 101.60 2.37 133.42 2.38 191.36
05/01/2010 3 90 3.31 98.78 2.24 88.81 2.16 93.27
06/01/2010 3 90 3.19 59.08 3.57 66.73 2.70 66.99
07/01/2010 3 20 3.68 40.11 4.13 54.76 3.45 58.04
08/01/2010 2 90 4.21 65.29 3.78 32.53 3.84 51.65
09/01/2010 3 90 3.50 63.97 4.84 61.24 3.97 64.11
10/01/2010 4 90 3.83 78.84 4.42 53.97 4.08 67.66
11/01/2010 3 90 3.52 26.08 3.75 33.11 3.18 45.84
12/01/2010 4 20 4.78 10.72 5.88 2.27 4.34 3.43
13/01/2010 4 90 5.10 51.68 5.11 15.88 6.19 55.70
14/01/2010 5 70 7.46 53.54 6.09 46.82 7.38 52.72
15/01/2010 5 70 6.73 56.26 6.37 45.45 6.48 54.08
16/01/2010 3 90 5.52 45.54 6.58 44.88 5.45 44.47
17/01/2010 5 90 9.88 55.80 8.01 67.70 7.65 56.94
18/01/2010 5 90 8.53 79.81 6.30 110.64 7.11 81.78
19/01/2010 5 90 7.06 88.79 6.50 91.33 5.95 88.17
20/01/2010 4 90 4.18 73.32 5.49 73.43 4.36 73.67
21/01/2010 4 90 3.72 78.04 5.65 66.70 3.96 68.59
22/01/2010 4 90 5.04 68.51 6.13 63.88 5.41 64.44
23/01/2010 4 90 4.79 70.81 5.46 62.72 4.55 67.43
24/01/2010 4 90 5.40 66.55 6.84 66.68 4.80 64.66
25/01/2010 4 90 4.88 67.69 6.39 67.89 6.06 70.11
26/01/2010 5 90 7.55 70.35 7.15 66.19 6.59 67.00
27/01/2010 4 90 5.73 69.22 5.98 61.87 5.64 64.37
28/01/2010 3 90 4.10 73.38 5.57 65.11 4.81 68.84
29/01/2010 4 90 4.52 68.58 4.96 60.83 4.42 65.80
30/01/2010 4 90 4.10 70.94 5.23 62.00 4.71 66.85
31/01/2010 3 90 3.66 82.97 4.80 70.82 3.95 73.52
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Table 38. February 2010 wind data at Coron Island from onshore weather station and meoscale model output

Source PAGASA ERA-Interim NCEP FNL NCEP CFSR
Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction
Date (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees)
01/02/2010 1 40 5.19 78.82 3.84 57.25 5.30 70.04
02/02/2010 1 140 6.46 84.13 4.69 69.48 6.06 70.34
03/02/2010 3 40 6.93 80.24 7.89 84.45 8.27 84.59
04/02/2010 1 120 6.93 83.74 7.47 83.84 7.06 83.07
05/02/2010 2 120 8.00 84.25 8.20 82.12 8.18 83.85
06/02/2010 2 120 8.78 85.28 8.81 81.13 8.52 81.90
07/02/2010 3 40 7.76 87.05 8.21 84.70 8.57 88.73
08/02/2010 4 40 7.15 84.48 9.02 84.55 8.83 84.71
09/02/2010 4 40 9.40 85.48 9.67 84.86 9.57 84.29
10/02/2010 2 40 9.19 84.69 9.58 83.65 9.19 84.02
11/02/2010 3 40 8.30 84.08 9.03 82.08 8.58 82.58
12/02/2010 2 40 7.39 80.50 7.08 75.97 7.17 75.41
13/02/2010 4 140 9.11 80.13 9.64 80.47 8.34 76.83
14/02/2010 4 40 7.74 79.17 7.02 74.06 6.75 73.53
15/02/2010 2 0 5.96 78.13 5.65 72.37 5.73 68.21
16/02/2010 2 120 7.38 84.66 5.20 77.13 6.52 79.95
17/02/2010 2 120 5.50 75.84 3.36 43.60 4.09 47.14
18/02/2010 1 0 5.58 83.06 4.30 74.12 4.53 74.83
19/02/2010 1 140 5.11 84.56 3.35 90.10 3.51 66.24
20/02/2010 1 180 3.61 74.59 1.89 45.13 3.66 42.24
21/02/2010 1 180 4.35 82.52 2.85 64.55 3.71 76.12
22/02/2010 1 40 3.78 77.02 4.26 78.45 4.93 70.29
23/02/2010 1 40 3.45 78.46 2.85 76.14 3.11 79.59
24/02/2010 2 120 7.39 89.45 7.40 86.08 7.41 90.24
25/02/2010 3 40 6.70 86.00 8.15 86.28 7.34 85.41
26/02/2010 2 320 6.85 88.97 7.21 86.93 6.75 88.33
27/02/2010 3 40 5.67 84.43 6.68 83.48 6.02 80.76
28/02/2010 2 40 7.18 85.52 7.23 83.32 7.14 83.36
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Table 39. February 2010 wind data at Cuyo Island from onshore weather station and meoscale model output

Source PAGASA ERA-Interim NCEP FNL NCEP CFSR
Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction
Date (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees)
01/02/2010 2 20 6.51 34.78 6.28 37.62 6.92 36.86
02/02/2010 3 20 6.83 3841 6.91 36.89 7.12 37.96
03/02/2010 2 20 7.14 42.79 6.09 49.35 6.49 44.54
04/02/2010 2 20 6.85 42.06 6.02 44.52 5.92 40.70
05/02/2010 2 20 7.31 43.58 6.41 44.54 5.92 41.54
06/02/2010 1 20 5.07 41.50 4.20 54.98 3.27 42.88
07/02/2010 2 20 6.67 44.71 5.79 54.24 5.30 51.87
08/02/2010 2 20 5.82 45.04 6.21 52.49 6.17 51.10
09/02/2010 2 20 5.05 47.81 5.68 51.69 5.48 52.86
10/02/2010 2 20 5.43 46.16 6.77 48.71 5.80 44.79
11/02/2010 2 20 7.84 41.51 8.11 43.81 7.97 40.04
12/02/2010 2 20 8.57 41.71 9.05 41.69 8.64 40.59
13/02/2010 2 20 9.69 44.39 9.30 47.28 9.24 42.33
14/02/2010 2 20 8.57 41.48 8.24 38.95 6.99 36.91
15/02/2010 2 20 8.72 40.47 8.83 41.26 7.75 37.24
16/02/2010 3 20 9.41 40.32 9.27 39.64 8.86 39.11
17/02/2010 3 20 9.14 38.25 9.21 33.73 8.73 34.90
18/02/2010 2 20 9.18 37.38 9.34 37.41 8.81 35.39
19/02/2010 3 20 9.05 35.74 8.65 37.40 8.48 33.98
20/02/2010 2 20 7.33 26.90 8.00 29.33 7.17 22.73
21/02/2010 2 20 6.82 30.77 7.85 34.75 7.26 31.42
22/02/2010 2 20 5.37 26.90 6.28 33.12 5.76 29.32
23/02/2010 2 20 4.89 30.27 5.78 32.15 5.40 26.80
24/02/2010 2 20 5.63 44.36 6.35 44.24 5.54 39.96
25/02/2010 2 20 4.54 37.99 5.05 42.24 4.61 36.48
26/02/2010 2 20 3.83 31.98 4.06 43.28 4.16 33.08
27/02/2010 2 20 4.72 37.01 5.51 43.28 5.29 41.04
28/02/2010 2 20 5.52 39.25 5.67 41.37 5.58 41.91
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Table 40. February 2010 wind data at Puerto Princesa from onshore weather station and meoscale model output

Source PAGASA ERA-Interim NCEP FNL NCEP CFSR
Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction

Date (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees)
01/02/2010 3 90 3.38 109.91 2.48 70.99 3.05 74.38
02/02/2010 3 90 3.79 99.78 2.59 71.40 2.80 73.66
03/02/2010 2 90 3.39 89.84 3.47 82.02 2.87 77.71
04/02/2010 3 90 3.56 88.97 3.76 82.53 2.98 90.67
05/02/2010 3 90 2.98 91.86 3.22 77.99 2.78 78.48
06/02/2010 4 90 3.95 102.40 3.33 89.52 3.23 99.68
07/02/2010 3 90 3.43 93.42 4.16 83.87 3.28 82.79
08/02/2010 4 90 3.79 102.35 4.62 88.43 4.35 90.19
09/02/2010 4 90 4.33 91.38 4.23 81.81 4.50 86.47
10/02/2010 4 90 4.28 106.43 3.91 84.40 3.81 92.66
11/02/2010 3 90 3.60 97.17 3.05 71.47 2.80 74.44
12/02/2010 3 90 3.15 82.01 3.95 72.16 2.83 73.95
13/02/2010 4 90 5.14 74.27 5.13 72.51 4.69 71.61
14/02/2010 3 90 3.66 93.63 2.51 81.84 2.74 96.48
15/02/2010 3 90 3.45 78.25 3.68 68.88 2.77 76.54
16/02/2010 4 90 3.59 78.34 4.84 71.58 3.37 70.54
17/02/2010 3 90 3.94 66.89 3.70 58.81 3.56 73.07
18/02/2010 3 90 3.58 55.95 2.98 50.88 2.38 42.96
19/02/2010 2 90 3.70 60.91 3.90 62.34 3.68 53.07
20/02/2010 3 0 3.63 50.92 3.10 34.57 3.03 26.27
21/02/2010 3 90 3.84 66.42 2.19 57.44 2.53 41.46
22/02/2010 2 90 3.32 90.38 2.93 69.01 2.53 113.05
23/02/2010 3 90 3.13 113.14 2.54 60.21 2.24 80.80
24/02/2010 3 90 4.00 100.85 2.70 78.02 2.77 94.63
25/02/2010 3 90 3.29 159.58 2.62 125.83 2.58 118.77
26/02/2010 2 90 3.15 162.61 2.48 139.63 2.53 164.10
27/02/2010 2 90 3.55 135.46 2.12 93.51 2.25 95.95
28/02/2010 3 90 3.67 134.62 2.79 80.46 3.19 76.58
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Table 41. March 2010 wind data at Coron Island from onshore weather station and meoscale model output

Source PAGASA ERA-Interim NCEP FNL NCEP CFSR
Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction
Date (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees)
01/03/2010 2 120 6.33 81.82 7.03 83.91 6.62 84.13
02/03/2010 1 120 5.04 82.97 4.75 77.66 4.70 79.30
03/03/2010 3 140 7.35 86.88 7.59 87.59 7.39 87.42
04/03/2010 3 40 6.70 84.87 7.56 83.83 7.77 85.88
05/03/2010 3 40 7.58 88.48 8.02 85.80 7.69 87.20
06/03/2010 2 0 5.27 85.37 6.29 84.05 5.77 86.81
07/03/2010 2 40 5.68 85.25 6.47 80.92 6.88 84.19
08/03/2010 3 120 6.45 80.44 5.90 73.44 5.20 73.77
09/03/2010 1 120 4.81 55.95 4.47 46.43 4.49 45.17
10/03/2010 1 120 6.51 89.24 5.23 88.26 5.74 86.91
11/03/2010 2 40 7.57 84.95 8.31 80.70 8.13 81.51
12/03/2010 2 0 9.12 84.39 6.35 79.52 7.36 83.47
13/03/2010 2 40 8.38 84.97 8.34 85.05 6.87 83.43
14/03/2010 3 40 9.73 84.69 7.46 82.17 6.97 78.06
15/03/2010 2 40 7.76 80.99 7.38 79.50 7.16 76.52
16/03/2010 2 120 7.21 84.63 7.26 74.54 7.49 76.82
17/03/2010 2 40 5.88 79.76 6.87 70.63 7.01 73.61
18/03/2010 2 140 6.37 78.62 4.68 78.80 5.68 79.92
19/03/2010 2 140 7.35 84.35 5.71 72.20 6.56 78.42
20/03/2010 1 120 4.84 77.76 3.22 52.69 5.62 77.98
21/03/2010 1 120 6.28 77.26 5.33 74.10 5.98 73.12
22/03/2010 2 120 9.05 86.13 9.93 83.91 9.42 86.26
23/03/2010 2 140 7.26 85.55 6.83 80.05 6.87 83.99
24/03/2010 2 140 3.90 80.36 3.15 42.71 2.75 48.31
25/03/2010 1 220 4.03 65.28 2.92 53.64 2.89 66.67
26/03/2010 2 40 5.05 95.88 5.41 82.77 6.01 89.00
27/03/2010 1 120 3.80 95.62 4.31 91.73 4.85 84.79
28/03/2010 1 180 4.55 92.67 4.21 83.95 5.02 84.97
29/03/2010 2 140 7.76 84.23 6.57 81.66 7.38 82.91
30/03/2010 3 140 8.35 80.76 7.20 74.32 7.50 78.25
31/03/2010 2 140 6.04 79.53 4.53 68.47 3.57 68.03
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Table 42. March 2010 wind data at Cuyo Island from onshore weather station and meoscale model output

Source PAGASA ERA-Interim NCEP FNL NCEP CFSR
Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction Wind Speed Wind Direction
Date (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees) (m/s) (Degrees)
01/03/2010 2 20 5.87 38.52 7.02 43.36 6.72 39.28
02/03/2010 2 20 4.83 38.71 6.00 40.31 5.89 35.99
03/03/2010 2 20 3.60 43.25 5.87 45.45 4.78 44.77
04/03/2010 2 20 5.20 39.80 5.43 42.84 5.04 44.36
05/03/2010 2 20 3.97 43.78 3.70 42.69 4.80 38.76
06/03/2010 2 20 4.10 55.95 4.48 25.20 4.56 3141
07/03/2010 2 20 4.77 34.62 5.79 39.40 5.40 35.56
08/03/2010 2 20 6.41 37.31 6.41 39.31 6.08 32.90
09/03/2010 2 20 6.40 16.58 6.80 20.28 6.62 16.14
10/03/2010 3 20 9.11 41.54 9.96 38.72 9.87 39.54
11/03/2010 2 40 8.60 42.95 7.86 46.06 8.42 43.77
12/03/2010 2 40 6.97 44.42 6.14 41.89 6.91 41.79
13/03/2010 2 40 6.58 43.78 6.40 45.50 6.33 42.84
14/03/2010 2 40 9.08 4791 8.34 45.95 8.14 44.09
15/03/2010 2 40 8.14 45.21 8.01 44.41 7.76 43.30
16/03/2010 2 40 8.97 42.72 9.50 44.38 9.23 42.88
17/03/2010 2 40 9.33 40.74 10.02 42.55 9.75 41.51
18/03/2010 3 40 9.64 38.39 10.53 39.23 10.03 38.03
19/03/2010 3 40 9.11 39.86 9.88 38.87 9.72 39.65
20/03/2010 3 40 9.29 37.25 9.85 34.82 9.14 36.86
21/03/2010 3 320 7.88 38.79 9.26 41.66 8.89 37.65
22/03/2010 3 40 7.43 44.44 7.03 52.67 6.43 48.83
23/03/2010 3 40 6.32 41.52 7.56 41.40 6.89 37.13
24/03/2010 2 40 6.36 30.10 7.28 26.14 7.22 26.09
25/03/2010 2 40 6.34 16.80 7.50 30.87 7.23 19.86
26/03/2010 3 40 9.57 39.27 10.20 40.53 9.78 40.29
27/03/2010 3 