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Abstract 

 

This thesis aims to model and validate, Fiji’s wind resources with high spatial and temporal 

resolution at applicable wind turbine hub-heights, to evaluate the potential of wind energy to 

support Fiji in utility-scale electrical power generation, and to assist in future wind energy 

planning and development. The thesis consists of three major parts split into six primary 

chapters: first, the microscale assessment and evaluation of local wind resources of Fiji using 

the available measured wind data from thirty automatic weather stations for utility-scale wind 

power applications and an analysis of the 10 MW Butoni wind farm in Fiji; second, the 

evaluation of the Weather Research and Forecasting (WRF) model for simulating surface 

winds and the diurnal cycle, a grid sensitivity study of the WRF model, and a high-resolution 

mesoscale wind resource assessment of Fiji for a recent decade (2009 - 2018); and finally, the 

evaluation of the mesoscale-microscale (WRF-WAsP (Wind Atlas Analysis and Application 

Program)) coupling methodology for wind energy in Fiji and the evaluation of the potential of 

wind energy for utility-scale wind power applications using the WRF-WAsP coupling 

methodology at identified wind resource sites.  

For the microscale wind-resource assessment using WAsP at thirty automatic weather stations 

(AWS) locations, the results revealed three potential sites of Rakiraki, Nabouwalu and Udu 

with utility-scale wind resource (NREL Wind Power Class 3 and above). Each of the sites can 

accommodate a minimum installed capacity of 10 MW wind farm using Vergnet 275 kW wind 

turbines to support the national electricity grid network in Fiji.  

For the Butoni wind farm analysis, the results revealed that the main reason for the under-

performance of the wind farm is that it is commissioned on a weak wind speed regime (of 

NREL Wind Power Class 1). The wind farm has a low-capacity factor (~ 5.4 %) and a high 

wind shear coefficient (0.35), which are also contributing factors to the wind farm 

underperformance. This part of the research supports the idea that proper wind farm project 

planning via wind resource and economic viability assessments prior to the installation of a 

grid-connected wind farm project in the small island developing states (SIDSs) of the Pacific 

are required. 

For the evaluation of the WRF model for simulating surface winds at a grid resolution of 1.33 

km × 1.33 km, the results revealed that the WRF model is able to accurately capture the surface 
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winds and the diurnal cycle of wind speed on the windward sides of Viti Levu and Vanua Levu. 

Surface winds on the leeward side and the outer islands, show positive bias especially at night-

time for January and both the day and night-time for July, despite adjusting some of the physics 

settings, showing the limitations of the model and the need for a grid sensitivity study.  

For the grid sensitivity study, the results revealed that the optimal grid resolution for simulating 

the surface winds and its diurnal cycle for Fiji is d03 = 1 km × 1 km. The WRF model is able 

to capture the surface winds and its diurnal cycle more accurately for the higher grid resolution 

of 1 km × 1 km in comparison with simulations conducted using a grid resolution of 1.33 km 

× 1.33 km. This indicates that the topography is better resolved in the higher grid resolution. 

Therefore, the grid resolution of 1 km × 1 km in the grid set up of 15 km – 5 km – 1 km (d01 

– d02 – d03) is the optimal grid set-up for the long-term integration of the mesoscale wind 

resource assessment of Fiji.  

For the recent decade (2009 - 2018) mesoscale wind-resource assessment using the optimal 

grid resolution and grid set-up in the WRF model, the results revealed that the WRF model 

simulated wind-resource parameters are in good agreement with the observations. The model 

can be reliably used to simulate the wind flow around the Fijian Islands in order to get reliable 

information on the wind-resource. Higher wind speeds are observed during austral winter than 

during austral summer. Forty high wind-resource areas are identified with mean wind speeds 

and power densities greater than 6.4 m/s and 300 W/m2 (Wind Power Class 3) respectively, 

which were previously unknown. An estimated 1000 MW theoretical potential installed 

capacity is therefore available for utility-scale wind power applications on Viti Levu and Vanua 

Levu.  

For the mesoscale-microscale (WRF-WAsP) coupling, a methodology was proposed and 

assessed. It was found that the proposed methodology can be used as a wind-resource 

assessment methodology provided very-high resolution dynamically downscaled wind 

resource data is available in the order of 10 years for utility-scale wind power applications. The 

analysis also revealed that the 1 km × 1 km WRF model data from d03 is best for coupling 

WRF-WAsP for resource mapping and evaluation. The coupling methodology of WRF-WAsP 

improved the accuracy of the wind prediction by 0.2 – 6 % for the wind resource parameters 

for Fiji.  

Using the WRF-WAsP coupling methodology with the decade-long high-resolution (1 km × 1 

km) wind resource data at resource sites in WAsP, it was estimated that Fiji has a potential 
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installed capacity of 720 MW with 2114 GWh electricity generation capacity from wind 

energy. Even if a quarter of the potential installed capacity is installed over a decade at the 

identified potential wind resource sites, Fiji can achieve its target of generating 100 % 

electricity generation from renewable energy resources.  

Therefore, as the first mesoscale and mesoscale-microscale coupling exercise for the SIDS of 

Fiji for the recent decade (2009 – 2018), the study supports the idea that the SIDS in the Pacific 

can utilize their wind resource to ease dependence on diesel-based power generation and can 

even support 100 % electricity generation in the case of Fiji from renewable energy sources. 

The thesis provides a methodology for mesoscale wind-resource assessment for the SIDS in 

the Southwest Pacific together with the identification and verification of potential wind 

resource sites. Furthermore, it provides a methodology for mesoscale-microscale coupled 

wind-resource assessment for the SIDS in the Southwest Pacific with an evaluation of the 

potential wind resource and economic analysis for future wind energy planning and 

development in Fiji. These works can be extended to other SIDS of the Southwest Pacific 

region.  
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Chapter 1 Introduction 

Wind energy is an environmentally friendly renewable energy (RE) resource that is utilized 

worldwide for electrical power generation. The global total installed capacity for wind energy 

grew from 24 GW in 2001 to 743 GW in 2020 (REN21, 2020; GWEC, 2020). This is an 

exponential growth with an estimated doubling time of approximately 4 years at a compound 

annual growth rate (CAGR) of 26 % from 2001 - 2010, 17 % from 2010 – 2015 and 11 % from 

2015 – 2020. The rate of increase in wind installations over the last two decades is indicative 

of a general worldwide movement away from traditional fossil fuel-based power generation. 

Figure 1.1 presents the historic development of total wind power installations for the last two 

decades from 2001 to 2020. 

 

Figure 1.1 Historic development of total wind power installations (GW) onshore and 

offshore with the compound annual growth rates over 6 – 10 years (Source: GWEC, 

2020). 

Individual countries have set targets under the United Nations Framework Convention on 

Climate Change (UNFCCC) to increase the quota of electricity generation from renewable 

energy resources via Nationally Determined Contributions (NDCs) as a means to tackle global 

climate change impacts (UNFCCC, 2021). The small island developing states (SIDS) of the 

Southwest Pacific region, which are heavily dependent on fossil fuels to meet their primary 

energy demand, are amongst the countries with the most ambitious RE targets (Government of 

Fiji, 2015). Setting such targets is not only exemplary but puts pressure on big carbon 
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consumers, with a goal to curb global warming and the associated rise in sea level threatening 

their shores, and in the case of atolls, their existence. 

Fiji is a SIDS located in the Southwest Pacific Ocean between the latitudes of 12 °S – 22 °S 

and longitudes of 177 °E – 178 °W. There are more than 332 islands with a total land area of 

18,333-km2 spread out over a sea surface area of 1.3 million km2. One-third (110) of these 

islands are inhabited. Approximately 87 % of the total land area is taken-up by the two largest 

islands of Viti Levu (10,400 km2) and Vanua Levu (5,540 km2). The islands are of volcanic 

origin, mountainous, and with maximum peaks of around 1300 m.  

Fiji is situated on the fringe of the South Pacific Convergence Zone (SPCZ), a rainy region that 

extends South-eastward from the equatorial West Pacific. As a result, Fiji has a tropical marine 

climate with a dry, cool season in austral winter (May-Oct) when the SPCZ is not widespread 

and weak, and a warm, wet season in austral summer (Nov-Apr) when the SPCZ expands and 

intensifies. Fiji is in the region of the Southeasterly trade winds (Sturman & McGowan, 2013). 

Additionally, Fijian coasts experience a stable, regular breeze with a strong diurnal cycle of 

land-sea breeze circulation. A map of the Fiji group is presented in Figure 1.2. 

 

Figure 1.2 Map of the small island developing state (SIDS) of Fiji (Source: Google 

Earth). 
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Since the islands in Fiji are dispersed over an enormous area of the sea, this makes it 

economically and technologically difficult to connect all islands to a central grid network. The 

islands of Viti Levu, Vanua Levu, Taveuni and Ovalau have grid-based electricity, for which 

the generation mix is from sources that include 131 MW from hydropower plants,  

147 MW from industrial diesel/heavy fuel oil power plants, 40 MW from biomass power plants 

and a 10 MW wind farm. The latest Energy Fiji Limited (EFL) report for 2019 states that, 1060 

GWh of grid electricity was generated, of which 52.7 % was from hydro, 42.4 % from fossil 

fuels, 4.6 % from biomass and 0.25 % from wind (EFL, 2019). The other islands use off-grid 

electricity generated from diesel/coconut oil-based generators, solar home systems and micro-

hydro systems managed by the Fiji Department of Energy (FDoE) (Fiji Department of Energy, 

2021). Fiji has set a NDC target to produce 100 % of electricity from RE sources by 2030 

(Government of Fiji, 2015). To achieve the set RE targets, resource assessment becomes a key 

to future energy planning and development. 

Wind is a poorly exploited RE resource in Fiji (and across the SIDS of the SW Pacific region) 

as there is limited knowledge of the wind resource (IRENA, 2016). The essential wind resource 

parameters used to classify a site or region as viable for wind farm installations include average 

wind speed, prevailing wind direction, diurnal and annual wind speed patterns, wind power 

density and estimated annual energy production from an appropriately selected site-specific 

wind turbine amongst others (Mathew, 2006; Manwell et al., 2009).  

There are three main approaches to wind resource assessment: (a) direct wind measurements 

for a specific site using the traditional method of anemometers and wind vanes on a mast, or 

the more recent methods of SODAR and LIDAR (Mathew, 2006; Manwell et al., 2009; Emeis, 

2018), (b) Linear wind flow models based on physical principles of the atmospheric boundary 

layer (e.g. WAsP, WindPRO (Mortensen et al., 2014; Nielsen et al., 2010)), for site-specific 

wind data analysis and its extrapolations over areas with mildly changing terrain, under thermal 

stability (no convection) conditions (e.g. across the extents of a proposed wind farm), (c) Large 

numerical / computer weather models (e.g. WRF (Skamarock et al., 2008)), based on the 

principles of fluid dynamics that simulate the physics of the atmosphere including conservation 

of mass, momentum and energy. These are applied to a three-dimensional grid and simulate 

the evolution of atmospheric conditions over time. Consequently, computational requirements 

are extensive, and simulations are usually performed using high performance computing 

clusters (Skamarock et al., 2008; Wang et al., 2018).   
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The application of the first two methods is useful provided there are already identified sites. 

Wind data sources in Fiji are scarce, meteorological (or met) stations have low spatial 

resolution while satellite data has low spatial and temporal resolution (Kumar & Prasad, 2010). 

In addition, some researchers have claimed that the wind resource in Fiji is either “too little” 

or “too much” for utility-scale wind power applications, but there has been no detailed study 

conducted to support these claims (Kumar & Prasad, 2010; Weir, 2018). There are no validated 

mesoscale wind-resource maps or long-term time series wind data available at a high spatial 

and temporal resolution. Thus, the concept of mapping wind resources using an advanced 

meteorological mesoscale model (i.e. computer weather model) at a high resolution can provide 

an opportunity to estimate the wind resource at any location in Fiji, which can aid in future 

wind energy planning and development.  

Investigating how the advanced meteorological mesoscale model applies to a SIDS and 

analysing the model results will create an understanding about the wind flow patterns, its 

strength and variability for wind energy applications in Fiji. It will also create long-term 

mesoscale wind-resource data and knowledge in the form of validated mesoscale wind-

resource maps for the SIDS of Fiji and can serve as an asset in future energy planning and 

development to meet the RE targets. 

1.1 Motivation 

The primary factor that motivates this research is that Fiji lacks quality long-term time series 

of mesoscale wind-resource data and knowledge in the form of mesoscale wind-resource maps 

at applicable wind turbine hub-heights. Such maps can help identify potential wind resource 

sites for further detailed assessments and for future wind energy planning and development at 

utility-scale. For instance, the existing Butoni wind farm in Fiji developed by EFL is reported 

to be an under-performing wind farm (Fiji Times, 2021), with suspected reason being poor 

siting because of the unavailability of mesoscale wind-resource mapping.  

This work is also motivated from the recommendations made during earlier research (Dayal, 

2015) utilizing a linear wind flow model at Uppsala University in Sweden entitled “Offshore 

wind resource assessment, site suitability and technology selection for Bligh Waters Fiji using 

WindPRO”. It was recommended that it would be beneficial if a mesoscale meteorological 

model like the Weather Research and Forecasting (WRF) model were used to develop a 

mesoscale wind-resource map of not only Bligh Waters but also the entire Fiji group, as no 

validated mesoscale wind-resource maps are available for Fiji.  
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Fiji also lacks reliable long-term ground-based wind-data measurements for the purpose of 

utility-scale wind energy projects. This study will create such data for Fiji and contribute to 

policymaking. Finally, Fiji is highly dependent on fossil fuel for power generation, currently 

accounting for around 40 - 50 % of electricity production and this may increase with the 

increasing energy demand in light of the ongoing and future industrial developments (EFL, 

2019). Since Fiji aims to reduce its dependency on imported fossil fuels for power generation 

and achieve 100% electricity generation from renewable energy resources by 2030, this work 

of wind-resource mapping will be of value towards achieving this target. The methodologies 

developed for this work could be extended to the other SIDS of the southwest Pacific region, 

which face similar challenges and have high UNFCCC NDC targets. 

1.2 Literature Review 

The literature review is divided into three parts: first, wind energy studies based on the Weather 

Research and Forecasting (WRF) model; second, wind energy studies in Fiji, and finally, a 

knowledge gap analysis.  

1.2.1 Wind Energy Studies based on the Weather Research and Forecasting 

(WRF) model 

The state-of-the-art Weather Research and Forecasting (WRF) model (Skamarock et al., 2008; 

Wang et al., 2018) has been utilized in numerous atmospheric related onshore and offshore 

research around the globe at different horizontal resolutions via dynamical and statistical-

dynamical downscaling methods. Wind related studies have been conducted at mesoscale level 

for mostly large landmasses, which includes near shore and offshore areas, wind flow patterns 

in complex topography and in different climatic conditions. The WRF model is also used in 

weather forecasting applications. The relevant and recent literature on the application of the 

WRF model to study different atmospheric parameters includes: wind speed, wind direction, 

power density, capacity factor, wind shear, temperature and precipitation (Hawkins, 2012; 

Hopuare & Perkins, 2017; Badger et al., 2016a; Badger et al., 2016b; Badger et al., 015; Chagas 

et al., 2018; Byrkjedal et al., 2008; Blæsterdalen, 2016; De-Meij et al., 2016; Argüeso & 

Businger, 2018; Dvorak et al., 2010; Salvação &Soares, 2018; Chancham et al., 2017; Bilal, 

2016; Bilal et al., 2016; Indasi, 2015; Czernecki, 2013; Karagali et al., 2013; Carvalho et al., 

2013; Jimenez & Dudhia, 2013; El-Samra et al., 2018; Giannaros et al., 2017; Carvalho et al., 

2014; Carvalho et al., 2012; Mughal et al., 2017; Giovannini et al., 2014; Draxl et al., 2014; 

Peña & Hahmann, 2012; Iriza et al., 2016; Roux et al., 2018; Kryza et al., 2017a; Kryza et al., 
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2017b; Manzanas et al., 2018; Liu et al., 2014, Vincent et al., 2012; Penchah et al., 2017), 

relative humidity and fire weather index (Simpson et al., 2013), low-level jets (Storm et al., 

2009; Storm & Basu, 2010), gravity waves (Larsén et al., 2012) and extreme winds (Lars´en et 

al., 2013) amongst many others at various locations around the world. To date, most 

downscaling studies have been conducted for numerous atmospheric parameters in the mid-

latitude regions of the Northern Hemisphere and relatively few have examined semi-arid or 

tropical locations.  

The main sources of error with numerical weather prediction (NWP) models depend on the 

initial and boundary conditions, resolution of domain, terrain and vegetation characteristics, 

nudging and assimilation techniques and complexity of terrain effects and its representation in 

the model (Awan et al., 2011). The choice of physical schemes (which are idealized 

representations of the sub-grid scale processes, i.e., processes that occur on smaller scales than 

the resolution) can also contribute to errors in the model, as these schemes are based on many 

assumptions, and these assumptions may fail, or give an inadequate response to certain synoptic 

forcing, limiting their application (Awan et al., 2011).   

From the reviewed scientific literature, it has been learnt that: (a) appropriate horizontal grid 

size, (b) quality input geographical and atmospheric data, and (c) the right choice of physics 

parameterization schemes are important aspects for better output results for simulating 

atmospheric parameters at any particular location.  

Grid resolution is important because it provides the horizontal grid size over which the 

atmospheric parameter will be resolved by the model. A lower horizontal grid resolution will 

not be able to capture the changes in microscale topography and elevation (which, changes 

every 100 – 500 m) that influences the local climate, while a higher horizontal grid resolution 

in the order of 1 km can provide better results in comparison (Awan et al., 2011). In the case 

of large landmasses, a grid resolution in the order of a few kilometers can be sufficient, but in 

the case of SIDS that are relatively much smaller; a higher resolution in the order of 1 km 

becomes mandatory. 

Input geographical and atmospheric data are important because it provides the initial and 

boundary conditions, which are used by the WRF model (Skamarock et al., 2008; Wang et al., 

2018; Awan et al., 2011). The physics parameterization schemes provide the model physics 

(that points to sub-grid scale processes, while the dynamics points to the resolved flow) of a 

particular study region under different climatic conditions and thus, proper selection and or a 
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sensitivity study is vital for more accurate simulation results (Skamarock et al., 2008; Wang et 

al., 2018; Awan et al., 2011).  

Researchers from the reviewed literature have studied the different atmospheric parameters by 

creating, validating and assessing new and existing atmospheric knowledge at different 

locations. In relation to wind related studies, information could not be found on whether the 

resource studies lead to wind power project planning and development. The main reasons being 

that (a) there is a huge gap in terms of decision-making at government administration level 

with set development plans for different countries and the research output from researchers, (b) 

countries may have enough RE resources already supporting the electricity grid network such 

as in many developed countries, and (c) countries are not highly dependent on importing fossil 

fuels for meeting the current primary energy demand. On the other hand, research output from 

RE studies such as wind can be important and of value in terms of implementation in the case 

of SIDSs (Weir, 2018).  

1.2.2 Wind Energy in Fiji 

The location of Fiji in the tropical Southwest Pacific Ocean falls in the Southeast trade winds 

zone where the trade wind winds blow continuously all year round with warm and steady 

breezes. Fiji has installed a 10 MW onshore wind farm located on the Butoni hills in Sigatoka 

on Viti Levu. It consists of 37 × 275 kW two-bladed Vergnet wind turbines (EFL, 2019). The 

wind farm installation cost in 2007 was USD $17 million (approximately FJD $34 million) 

(Weir, 2018; Fiji Times, 2021). From the statistics available from Energy Fiji Limited (EFL), 

the wind farm has generated 54.7 GWh of electricity with a total diesel fuel savings of FJD 

$20.6 million and a total foreign exchange savings of USD $12.1 million (EFL, 2019). The 

utilization of the wind farm saved a total diesel mass of fuel of 12,054 tonnes with a total 

greenhouse gas-emission reduction of 37,225 tonnes of carbon dioxide (EFL, 2019).  

The Butoni wind farm is reported to be under-performing (Fiji Times, 2021), with winds being 

Class 1 (not suitable for utility-scale applications) as per the NREL 50 m Wind Power 

Classification (NREL, 2021). Insufficient study of the wind farm area (Fiji Times, 2021) and 

the lack of long-term wind data measurements together with the unavailability of mesoscale 

wind-resource mapping prior to site selection contributed to the under-performance of the wind 

farm (Dayal et al., 2021c). The lessons learned from the wind farm installation are that: (a) 

long-term time series wind data is required to determine the viability of wind farm projects, (b) 

High-resolution mesoscale wind-resource mapping is fundamental to identifying potential 
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wind-resource sites for wind farm planning and implementation, and (c) It is important to apply 

industry standard wind-simulation software to assess the local microscale wind resource at a 

potential wind farm site.    

The Fiji Department of Energy (FDoE) has carried out a number of wind measurements at 

different sites over time to assist in the electrification of rural inland regions and the outer 

islands where there is no grid access (Fiji Department of Energy, 2021). Some researchers have 

used these measurements to assess the potential of wind energy and the related economics for 

using few wind turbines in remote locations (Singh, 2015; Kumar & Nair, 2014; Kumar & 

Nair, 2013; Kumar & Nair, 2012). The data used was short-term and has not gone through a 

quality-control process and lacks consistency, which means it is insufficient to estimate the 

wind resource and the economic return.  

Other researchers have measured the wind parameters for one year by setting up masts funded 

via an international donor agency such as KOICA (Gosai, 2015; Sharma & Ahmed, 2016; 

Pratap, 2016). The purpose of these studies was to assess the available wind resource in the 

inland rural areas where there is no grid access. This data was insufficient to describe a 

complete wind climatology, because long-term measurements in the order of 5 – 10 years are 

important to capture climatological effects in any region or location. A brief explanation of the 

factors that influence the wind climate in the Southwest Pacific region are presented in Section 

2.2.2 Tropical South Pacific.   

NASA’s MERRA reanalysis dataset has been used to examine the wind quality and wind power 

opportunities in the Fijian Islands (Kumar & Prasad, 2010). Satellite reanalysis data from the 

WindPRO database was also utilized for an assessment of the offshore wind resource of Bligh 

Waters, North of Viti Levu (Dayal, 2015). The mean wind speeds and the power density for 

these studies (Kumar & Prasad, 2010; Dayal, 2015; Singh, 2015; Kumar & Nair, 2014; Kumar 

& Nair, 2013; Kumar & Nair, 2012; Gosai, 2015; Sharma & Ahmed, 2016; Pratap, 2016) range 

from 4.6 m/s and 160 W/m2 respectively, at 10 m of altitude to 10.8 m/s and 1128 W/m2 at 55 

m. These correspond to a low-to-medium wind speed regime that is suitable for small-scale to 

medium-scale wind turbines (Mathew, 2006; Manwell et al., 2009; Sharma & Ahmed, 2016). 

The study sites were selected as per the preliminary wind data measurements available from 

the FDoE to aid in the assessment of using wind power for rural electrification, manual wind 

measurement for a few days at different times of the day and the analysis of satellite offshore 

reanalysis data for the offshore study. 



9 

 

All wind energy research conducted in Fiji is at the micro-scale level, at spatial scales of 5 - 10 

km using the micro-scale linear wind simulation model, WAsP (Kumar & Prasad, 2010; Dayal, 

2015; Singh, 2015; Kumar & Nair, 2014; Kumar & Nair, 2013; Kumar & Nair, 2012; Gosai, 

2015; Sharma & Ahmed, 2016; Pratap, 2016). These studies are aimed at supporting small-

scale applications; for example, for rural electrification with the use of a few wind turbines in 

the interior and the outer islands of Fiji where there is no grid access. Only the offshore study 

looked at supporting grid-electricity via 10-12 MW model offshore wind farms (Dayal, 2015).  

As per the available wind speed measurements at the different locations of the near surface 

winds and Fiji being located in the Southeast trade wind zone (which are low-to-medium scale 

winds depending on the seasons) (Sturman & McGowan, 2013), winds will most probably be 

in the low-to-medium scale wind regime, which is suitable for small-scale to medium-scale 

wind turbines (Mathew, 2006; Manwell et al., 2009; Sharma & Ahmed, 2016). The winds vary 

depending on the study location and altitude, for instance, on the windward side, the leeward 

side, near shore, offshore, at higher altitudes and in complex topography. Thus, a good 

understanding of the site-specific wind regime is fundamental for wind energy utilization and 

development. 

1.2.3 Gaps in Knowledge / Gap Analysis 

To date, mesoscale wind related studies have been carried out using the WRF model over large 

landmasses, with a low spatial resolution (>3 km), which is unable to capture the topographic 

influences of scales smaller than 3 km, and where the climate conditions follow the seasons 

(Hawkins, 2012; Badger et al., 2016a; Badger et al., 2016b; Badger et al., 015; Chagas et al., 

2018; De-Meij et al., 2016; Salvação &Soares, 2018; Chancham et al., 2017; Czernecki, 2013; 

Karagali et al., 2013; Carvalho et al., 2013; Giannaros et al., 2017; Carvalho et al., 2014a; 

Carvalho et al., 2014b; Carvalho et al., 2012; Peña & Hahmann, 2012; Roux et al., 2018; Kryza 

et al., 2017a; Kryza et al., 2017b; Manzanas et al., 2018; Liu et al., 2014, Vincent et al., 2012; 

Penchah et al., 2017; Simpson et al., 2013; Storm et al., 2009; Storm & Basu, 2010; Lars´en et 

al., 2013). Higher spatial resolutions on the order of 1 – 2 km have been applied to smaller 

regions of the larger landmasses such as for specific wind farm sites (Byrkjedal et al., 2008; 

Blæsterdalen, 2016; Argüeso & Businger, 2018; Dvorak et al., 2010; Bilal, 2016; Bilal et al., 

2016; Indasi, 2015; Jimenez & Dudhia, 2013; El-Samra et al., 2018; Mughal et al., 2017; 

Giovannini et al., 2014; Draxl et al., 2014; Iriza et al., 2016; Roux et al., 2018; Larsén et al., 

2012). Island nations of the tropical Southwest Pacific region are however made of relatively 

small landmasses, each surrounded by the vast Pacific Ocean, with weather and climate 
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patterns largely influenced by the land-sea interaction, and which lie in the Southeast trade 

wind zone (Sturman & McGowan, 2013). Relatively few studies have been conducted in the 

tropical region and in the Southern Hemisphere via downscaling in relation to wind energy to 

provide a detailed assessment of the mesoscale wind-resource.  

Therefore, using the advanced WRF NWP model at a high resolution in the order of 1 km for 

the Fijian islands can assist in creating new wind-resource data and understanding of the wind 

flow patterns, strength and variability. In addition, it is also important to investigate which 

physics schemes of the WRF model are more suitable for SIDSs where the weather and climate 

are greatly influenced by the land-sea interaction. Therefore, a brief description of the different 

physics schemes and the one used for the SIDSs from the scientific literature are presented in 

Sections 2.5.2.6 and 3.4.3. 

Wind data is scarce in Fiji, measurements from meteorological stations and airports have low 

spatial coverage and are especially for weather monitoring applications, and so are not 

necessarily providing wind data at ‘windy’ sites (Kumar & Prasad, 2010; Weir, 2018). 

Additionally, wind data measurements from FDoE are short, inconsistent and insufficient to 

represent a climatology that covers all weather events that occur in Fiji and is restricted to 

specific locations, mostly interior and outer islands that are not located close to the electricity 

grid networks (Fiji Department of Energy, 2021). The data collected by the KOICA project is 

also restricted to low spatial and temporal (1 year) coverage and specific remote inland 

locations. The use of NASA data (Kumar & Prasad, 2010) at a grid resolution of 1º × 1º makes 

the sites indistinguishable. Therefore, there is a gap in knowledge of the long-term and 

consistent quality wind data, which covers the whole of Fiji at high (1 km × 1 km) spatial and 

hourly temporal resolution.  

No research has been undertaken to create long-term high-resolution mesoscale wind-resource 

data and knowledge in the form of validated mesoscale wind-resource maps, which depicts the 

mean wind speed, dominant wind direction and available wind power for the SIDS of Fiji at 

applicable wind turbine hub-heights. Such information and knowledge are therefore non-

existent, which would otherwise aid in identifying potential wind resource areas for setting up 

wind-monitoring masts before wind farm planning and implementation can take place (by 

interested parties such as local, government, private sector and international investors). In this 

way, investment into utility-scale wind power development can be encouraged, to help meet 

RE targets set by the Fijian government via the UNFCCC NDC framework.  
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For modelling wind resources for utility-scale wind power applications, the accuracy of the 

wind speed predictions is of utmost importance (Al-Yahyai et al., 2010). A number of research 

methods have been developed over time for assessing the wind resources from local 

(microscale) scale to regional (mesoscale) scale and the coupling of local and regional scale 

approaches to wind resource assessment (Brower, 2012). The microscale approach is industry-

standard while the mesoscale and mesoscale-microscale coupling approaches are recent areas 

of research and development amongst scientists and engineers to integrate mesoscale and 

microscale models in attempts to provide an accurate industry standard wind-resource 

assessment methodology. It is challenging to achieve the desired accuracy of wind speed 

predictions in attempts to couple mesoscale-microscale models (Byrkjedal et al, 2008; 

Mortensen et al., 2006; Gastion et al., 2008; Carvalho et al., 2013; Silva dos Santos et al., 2016; 

Tammelin et al., 2013; Badger et al., 2010; Bilal et al., 2016; Pablo et al., 2019). There is still 

no acceptable industry standard wind-resource assessment methodology when it comes to 

coupling a mesoscale model with a microscale model. This is a research gap and provides an 

opportunity to investigate approaches to mesoscale-microscale coupling in wind resource 

assessment.     

1.3 Research Questions 

To reach the goals of this research, the following research questions are considered. 

1. Does the available measured wind data from automatic weather stations provide useful 

information about the potential of wind energy for utility-scale wind power applications 

in the SIDS of Fiji? 

2. Fiji has an existing 10 MW Butoni wind farm installed in 2007 that is reported to be 

underperforming. What are the major factors contributing to the underperformance of 

the wind farm? 

3. Can the Weather Research and Forecasting (WRF) model be reliably used to simulate 

the flow around Fijian Islands in order to get sufficiently accurate information on the 

wind resources/potential?  

4. Do the WRF simulations reveal sites that are promising for wind power that have not 

yet been identified? 

5. Does a coupled WRF-WAsP methodology increase the accuracy of wind prediction for 

the SIDS of Fiji in the tropical South Pacific? 
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6. Fiji targets to achieve 100% of electricity generation from renewables by 2030. To what 

capacity (in MW and GWh) can wind energy contribute towards the overall renewable 

electrical power generation? 

1.4 Research Objectives 

To answer the specific research questions for this study, the following objectives were 

formulated: 

1. Analyse measured wind speed and wind direction data from available automatic 

weather stations in Fiji since their installation and use the standard wind industry 

microscale model (WAsP) to map wind resources to evaluate the potential for utility-

scale wind power applications. 

2. Use ground-based measurements from a nearby automatic weather station in WAsP and 

carry out an analysis of the Butoni wind farm. 

3. Formulate a suitable WRF model configuration for Fiji with appropriate horizontal 

resolution and apply the dynamical downscaling method to develop mesoscale wind-

resource maps at 10 m elevation and at applicable wind turbine hub-heights. 

4. Create long-term high-resolution time-series wind resource data and wind-resource 

maps for the small island state of Fiji and validate them against available ground-based 

measurements. Identify optimal wind resource sites, which can be used for utility-scale 

applications for future wind energy planning and development. 

5. Develop the mesoscale-microscale (WRF-WAsP) coupling methodology for wind 

resource assessment. 

6. Evaluate the potential of wind energy to support electrical power generation in Fiji. 

The hypothesis is that using an advanced meteorological model at a high-resolution can deliver 

new insight into the wind energy resource for the SIDS of Fiji, and the potential to harness this 

at a utility-scale. 

1.5 Major Contributions 

▪ Creation of a decade-long (10-years) high-resolution (1 km × 1 km) reanalysis of wind 

data for the whole of Fiji, covering a spatial area of 401 km by 401 km from the ground 

level to 1000 m elevation.  
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▪ Recent decade (2009 – 2018) high-resolution mesoscale wind-resource maps at 

applicable wind turbine hub-height of 55 m. Resource maps at 34 m, 80 m and 100 m 

are also created. 

▪ Validated methodology and model evaluation for mesoscale wind-resource assessment 

for the small island developing states (SIDS) in the tropics. 

▪ Mesoscale and mesoscale-microscale (WRF-WAsP) coupling wind-resource 

assessment methodology for small island developing states (SIDS) in the tropics.  

1.6 Thesis Structure and Organisation 

This thesis is structured according to the University of Auckland guidelines for theses with 

publications. It consists of ten chapters in total, with six primary Chapters (4, 5, 6, 7, 8 and 9) 

and four supplementary Chapters (1, 2, 3 and 10). Three primary Chapters (4, 6 and 8) are 

published, Chapter 5 is under-review with a journal and two Chapters (7 and 9) will be 

submitted as journal articles; the manuscripts of which are currently under preparation. The 

supplementary chapters aid with the introduction and summary of the primary chapters, thus 

completing the thesis as a whole. 

Chapter 1 provides an introduction to the research project with background information and 

the motivation. It presents a concise and focused review of literature, and an analysis of gaps 

in knowledge. It also outlines the research questions formulated as a result of the literature 

review and gap analysis and objectives of the current research, main contributions, and the 

thesis structure. 

Chapter 2 presents the theoretical background with an overview of the information related to 

the atmosphere, global and regional circulation, atmospheric stability, wind resource 

classification, wind resource assessment methods and downscaling methods.  

Chapter 3 presents the research methodology, and this is common to all the primary Chapters 

(4, 5, 6, 7, 8 and 9). It is divided into five parts: study area and wind measuring stations, 

modelling approach/implementation; choice of the model, model set-up and simulation, and 

model validation and analysis. 

Chapter 4 presents the wind resource assessment and energy potential of selected locations 

using the Wind Atlas Analysis and Application Program (WAsP), across the Fiji Group, where 

thirty automatic weather stations provide measured wind data. The chapter evaluates the wind 

characteristics and the potential of wind energy for utility-scale wind power applications. This 

chapter is presented as a published journal paper (Dayal et al., 2021a). 
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Chapter 5 presents an analysis of the existing 10 MW Butoni wind farm in Fiji with an 

evaluation of the wind characteristics and the energy potential using WAsP, compares 

modelled and actual production from the wind farm and discusses the related economic returns 

together with the causes for the under-performance of the wind farm. This chapter is presented 

as an accepted journal paper (Dayal et al., 2021c). 

Chapter 6 presents an evaluation of the Weather Research and Forecasting (WRF) model for 

simulating the surface winds and the diurnal cycle of wind speed for Fiji. This chapter is 

presented as a published journal paper (Dayal et al., 2020a). 

Chapter 7 presents a grid sensitivity study of the Weather Research and Forecasting (WRF) 

model for simulating the surface winds for Fiji. This chapter is presented in paper format and 

will be submitted to a journal for publication. 

Chapter 8 presents the high-resolution mesoscale wind resource assessment of Fiji using the 

Weather Research and Forecasting (WRF) model. This chapter is presented as a published 

journal paper (Dayal et al., 2021b). 

Chapter 9 presents the potential of wind energy using the mesoscale-microscale coupling 

methodology for Fiji. This chapter is presented in paper format and will be submitted to a 

journal for publication. 

Chapter 10 concludes the thesis by summarising the significant findings presented in this 

research and the study limitations. It also recommends areas of future research. 
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Chapter 2 Theoretical Background 

This chapter provides an overview of the required background information related to the 

atmosphere, global and regional circulation, atmospheric stability, wind resource classification, 

wind resource assessment methods and downscaling methods. The information provided is 

summarised from relevant textbooks and papers on the subjects. 

2.1 The Atmosphere 

The atmosphere of the Earth is a gaseous layer (commonly known as air) surrounding the planet 

that is retained by Earth’s gravity (Holtan, 2004). The atmosphere protects life on Earth by 

shielding harmful ultraviolet (UV) solar radiation, warms the surface through retaining heat via 

greenhouse effect and reduces extreme temperatures between day and night (Holtan, 2004). 

The atmosphere becomes less dense with height. The uneven heating of the air on a rotating 

sphere by the sun influences the weather experienced on Earth. Numerous weather features at 

different length and time scales originate from this process (Holtan, 2004). The layers of the 

atmosphere, including the atmospheric boundary layer and the atmospheric stability are used 

to aid the understanding of the different parts of the atmosphere (Holtan, 2004). 

2.1.1 Layers of the Atmosphere 

The atmosphere is comprised of different layers based on temperature profiles. These layers 

are the troposphere, the stratosphere, the mesosphere, and the thermosphere as illustrated in 

Figure 2.1 as a function of temperature and elevation above the ground. 

 

Figure 2.1 Layers of the Atmosphere [Source: 

https://commons.wikimedia.org/wiki/File:Atmosphere_layers.jpg]. 
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2.1.2 Troposphere 

The troposphere is the lowest layer of the atmosphere that extends from 6 km at the poles to 

18 km at the equator from the surface of the Earth (Holtan, 2004). It contains almost 80 – 85 

% of the mass of the atmosphere and is the wettest layer, where most types of clouds are found 

and almost all weather occurs (Holtan, 2004). As the altitude increases in the troposphere, the 

temperature and the water vapour content decrease rapidly (Holtan, 2004). The water vapour 

plays an important role in regulating the air temperature as it absorbs solar energy and thermal 

radiation from the Earth’s surface (Holtan, 2004). Turbulent heat fluxes from the surface of the 

Earth also contributes to a large part of the heating processes. The uneven heating of the regions 

of the troposphere by the sun causes convection currents, which transport heat and moisture 

around the planet via large-scale patterns of winds (Holtan, 2004; Stull, 1988). In this process, 

the winds are created around the globe, which drive areas of high and low air pressure and 

turbulence (Holtan, 2004; Stull, 1988).  

2.1.3 Stratosphere 

The next layer is the stratosphere that extends from the top of the troposphere to about 50 km 

above the ground (Holtan, 2004; Stull, 1988). The ozone layer is found within the stratosphere. 

High-energy ultra-violet (UV) light from the sun is absorbed by the ozone molecules in the 

stratosphere, converting it into heat. Within the stratosphere, temperature generally increases 

with increase in altitude (Holtan, 2004; Stull, 1988). The positive temperature gradient causes 

the air in the stratosphere to lack the turbulence and updrafts that are present in the troposphere 

(Holtan, 2004; Stull, 1988). The less-turbulent layer of the lower stratosphere is used by 

commercial passenger planes to try and ensure smooth flight. Near the border between the 

troposphere and the stratosphere the jet stream flows (Holtan, 2004; Stull, 1988). Weather 

balloons reach their maximum operational altitudes within the stratosphere because the air is 

roughly a thousand times thinner at the top of the stratosphere than at sea level (Holtan, 2004; 

Stull, 1988). Polar stratospheric clouds appear in the lower stratosphere near the poles in winter 

and only form when temperatures dip below -78⸰C. Spy planes also use the stratosphere 

(Holtan, 2004; Stull, 1988).      

2.1.4 Mesosphere 

The mesosphere is above the stratosphere and extends up to a height of 85 km above the ground. 

Brief and infrequent sounding rockets with scientific instruments are used to sample the 

mesosphere directly as orbiting satellites above the mesosphere cannot directly measure the 
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properties of this layer (Holtan, 2004; Stull, 1988). The temperature decreases with height in 

the mesosphere like in the troposphere. The Earth’s lowest temperatures in the atmosphere are 

found near the top of this layer with a magnitude of about -90⸰C. The air pressure at the bottom 

of the layer is well below 1 % of the sea level pressure and continues to decrease with increasing 

altitude (Holtan, 2004; Stull, 1988). The air in the mesosphere is too thin to breathe. Most 

meteors vaporize in the mesosphere. Very high-altitude clouds called Noctilucent clouds 

sometimes forms in the mesosphere near the poles. Sprites, which are odd electrical discharges 

akin to lightning occasionally appear in the mesosphere dozens of kilometers above 

thunderclouds in the troposphere below (Holtan, 2004; Stull, 1988).  

2.1.5 Thermosphere 

The thermosphere is the layer above the mesosphere with very rare air (insignificant air 

density) and it extends as high as 500 to 1000 km above the ground (Holtan, 2004; Stull, 1988). 

The temperature in the thermosphere raises to hundreds or at times thousands of degrees 

because of the absorption of high-energy X-rays and UV radiation from the sun (Holtan, 2004; 

Stull, 1988). The thermosphere is more like outer space than a part of the atmosphere and 

because of the low density of the air, it would feel freezing cold to a human (Holtan, 2004; 

Stull, 1988). The height of the top of this layer and the temperature within it are highly 

influenced by the variation in the amount of energy coming from the sun. The temperature of 

the upper thermosphere ranges from 500⸰C to 2000⸰C and higher (Holtan, 2004; Stull, 1988). 

The International Space Station, the space shuttle and satellites orbit Earth within the 

thermosphere. The phenomenon of the aurora (Northern and Southern Lights) occurs in the 

thermosphere (Holtan, 2004; Stull, 1988).  

2.1.6 Atmospheric Boundary Layer 

The atmospheric boundary layer (ABL), which is also referred to as the planetary boundary 

layer or the boundary layer is the lowest part (sublayer) of the troposphere that is directly 

influenced by the presence of the Earth’s surface, and responds to surface forcing with a 

timescale of about an hour or less (Stull, 1988) or at times up to a few days in the adjustment 

of the ABL. The surface forcing includes frictional drag, evaporation and transpiration, heat 

transfer, pollutant emission, and terrain induced flow modification (Stull, 1988). The ABL is 

capped by a statically stable layer of air or temperature inversion and is often turbulent (Stull, 

1988). The depth (thickness) of the ABL varies in time and space from hundreds of meters in 

strongly stable conditions to few kilometers in convective conditions (Stull, 1988). The ABL 
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has a marked diurnal cycle over land during fair weather (Stull, 1988). Figure 2.2 depicts the 

structure of the diurnal evolution of the atmospheric boundary layer in high pressure regions 

over land, which has three main components that are the nocturnal stable boundary layer, the 

mixed layer and the residual layer (Stull, 1988).  

 

Figure 2.2 Diurnal evolution of the atmospheric boundary layer (Sanderse, 2009). 

The diurnal evolution of the atmospheric boundary layer can be described at different parts of 

the day (Sanderse, 2009). During daytime, a mixed layer of vigorous turbulence grows in depth, 

which is capped by a statically stable entrainment zone of intermittent turbulence. Near sunset, 

turbulence decays and leaves a residual layer in place of the mixed layer. During night-time, 

the bottom of the residual layer is transformed into a statically stable boundary layer by contact 

with the radiatively cooled surface (Sanderse, 2009). In the presence of clouds in the mixed 

layer, it is subdivided into a cloud layer and a subcloud layer (Stull, 1988). The bottom 10 % 

of the ABL is called the surface layer and is characterised by large vertical gradient of 

temperature and wind speed, a constant wind direction, and nearly constant fluxes of heat and 

momentum above the tops of dominant surface roughness elements (Stull, 1988). Modelling 

of wind energy and siting of wind turbines are suitable within the surface layer and above the 

surface layer depending on the modelling height and the hub-height of the wind turbines and 

the rotor diameter used at different locations with different wind regimes. 

2.1.7 Horizontal Scales of the Atmosphere 

Table 2.1 depicts the different categories of the features of the atmosphere according to their 

length and time scales together with the modelling approach that is used to study the features 
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(Holtan, 2004). The scale of the atmosphere ranges from microscale to planetary with length 

scale from 2 m to 6000 km and time scale from seconds to days to months, respectively. Each 

of the scales have different atmospheric features ranging from tip vortices on the microscale to 

semi-permanent pressure centres on the planetary scale that occur at different length and time 

scales (Holtan, 2004). To model and study these different features, numerous modelling 

approaches are used – from computational dynamics models, to study microscale features, to 

general circulation models, to study planetary scale features. For the purpose of wind resource 

assessment, mesoscale models are used for regional assessments and large eddy simulation 

models and computational fluid dynamics models are used for site specific microscale and sub-

mesoscale assessments. 

Table 2.1. Different Scales of the Atmosphere (Holton, 2004) 

Scale 
Length 

scale  
Time scale Features  Modelling approach  
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Semi-permanent pressure 

centres (Aleutian low, 

Bermuda high and Polar 

vortex) 
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Westerlies 
Trade winds 

Gravity waves 

Rossby waves 

General Circulation Models 

(GCMs) 

 

 
 

 

 
 

 

  

Synoptic 

 

 
 

 

 
 

 

  

2000 km 
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Air masses 

High pressure systems 

Low pressure systems 
Frontal systems 

Mid-latitude and 

Extratropical cyclones 
Tropical cyclones 

Hurricanes 

Typhoons 

GCMs and Mesoscale 

Models 

 
 

 

 
 

 

  

Mesoscale 
 

 

 
  

100 km 
 

 

 
  

Hours to 
days 

 

 
  

Land and Sea breezes 
Tornadoes 

Weather fronts 

Low-level jets 
Gap winds 

Mesoscale Models 
 

 

 
  

Sub-
mesoscale 

10 km 
  

Minutes to 
hours 

Thunderstorms 
Dust devils 

Mesoscale and Large Eddy 
Simulations (LES) Models 

Microscale 
 

  

2 m 
 

  

Seconds 
 

  

Small eddies 
Turbulence 

Tip vortices 

Computational Fluid 
Dynamics (CFD) Models 
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2.2 Global and Regional Circulation 

2.2.1 Global Circulation 

In meteorological terms, the global circulation refers to the large-scale wind flow circulation 

in the lower part of the atmosphere (Holton, 2004; Emeis, 2018). Since multiple weather 

systems are active around the globe at any one time with huge variations in wind speed and 

wind direction, a well-defined global circulation pattern appears when these winds are averaged 

over many years (Holton, 2004; Emeis, 2018). The schematic of the global atmospheric 

circulation is presented in Figure 2.3.  

 

Figure 2.3. Global Atmospheric Circulation Patterns [Source: 

https://www.dreamstime.com/illustration/global-atmospheric-circulation.html]. 

Due to differential heating between the tropical regions (which receive maximum solar energy) 

and the polar region (which receive minimum solar energy) large convective cells are formed 

(Holton, 2004; Emeis, 2018). The three convective cell types are: Hadley cells, Ferrel cells and 

Polar cells. These cells transport heat in the form of warm air towards the poles from the equator 

(Holton, 2004; Emeis, 2018). Zones of low pressure with regular rainfall results from the rise 
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of warm air from regions in these cells, while zones of high-pressure with low rainfall are 

experienced in regions where the air sinks. In particular, a rainband known as the Intertropical 

Convergence Zone (ITCZ) is located in the rising branch of the Hadley cells (Holton, 2004; 

Emeis, 2018). Since the Earth is rotating about the axis of the poles, the convective cells are 

acted upon by the Coriolis force, which causes westerly winds towards the poles and easterly 

winds towards the equator (Holton, 2004; Emeis, 2018). As a result, westerly winds are 

observed at the ground in the Ferrel cell while easterly winds are observed at the ground in the 

Hadley cell and the Polar cell (Holton, 2004; Emeis, 2018). The easterly winds observed at the 

ground in the Hadley cells are also known as the trade winds i.e., the Northeast and Southeast 

trade winds observed in the northern and southern hemispheres (Holton, 2004; Emeis, 2018). 

2.2.2 Tropical South Pacific 

In the Southwest Pacific region, a number of factors affect the wind; these factors include the 

Inter-Tropical Convergence Zone (ITCZ), Hadley cells, Southeast trade winds, equatorial 

gravity waves, South Pacific Convergence Zone (SPCZ), the Walker Circulation, El Niño-

Southern Oscillation, Madden-Julian Oscillation, tropical cyclones and storms, and the land 

and sea breeze.  

2.2.2.1 Inter-Tropical Convergence Zone (ITCZ) 

The Inter-Tropical Convergence Zone (ITCZ) is an unstable zone where deep convection is 

formed by the belt of converging Northeast and Southeast trade winds and rising air that 

encircles the Earth near the equator (Holton, 2004; Sturman & McGowan, 2013). The rising 

air produces large cloudiness, heavy rainfall and frequent thunderstorms in this zone. The wet 

and dry seasons of the tropics are a result of the seasonal shift in the location of the ITCZ, 

affecting rainfall and wind in many equatorial nations (Holton, 2004; Sturman & McGowan, 

2013).  

2.2.2.2 Hadley Cells 

The Hadley cell is the largest cell, which extends from the equator to roughly 30 degrees north 

and south (Holton, 2004; Sturman & McGowan, 2013). Warm air rises at the equator and sinks 

at a latitude of 30 degrees via the low latitude overturning circulations of the Hadley cell. The 

Hadley cells control the low-altitude weather patterns (tropical rain belts and tropical cyclones) 

and are responsible for the trade winds in the Tropics (Holton, 2004; Sturman & McGowan, 
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2013). Figure 2.4 shows a schematic of the Hadley cell, Walker Circulation (discussed next) 

and the zones of low and high pressure in the central and the South Pacific. 

 

Figure 2.4 Circulations cells over the central and South Pacific (Sturman & Tapper, 

2006). 

2.2.2.3 Walker Circulation 

The Walker Circulation is a thermally driven east to west circulation of the tropical atmosphere 

across the Pacific Ocean as shown in Figure 2.4 (Sturman & Tapper, 2006). The sharp contrast 

in sea surface temperature across the Pacific Ocean causes Walker Circulation. The Walker 

Circulation contributes to the normal weather conditions in the tropical Pacific Ocean, which 

consists of warm, wet weather in the western Pacific and cool, dry weather in the eastern Pacific 

(Sturman & McGowan, 2013). The Walker Circulation reinforces the easterly component of 

the trade winds and is closely linked to the oceanic circulation (Sturman & McGowan, 2013). 

The Walker Circulation varies on seasonal, intra-seasonal and inter-annual timescales, and the 

later variability is an integral component of the El Niño-Southern Oscillation (Holton, 2004; 

Sturman & McGowan, 2013).  

2.2.2.4 Southeast Trade Winds 

The effect of Coriolis deflection on surface air drawn towards the equatorial low-pressure 

region produces Southeast trade winds (Sturman & McGowan, 2013; Terry, 2007). The 

rotation of the Earth causes the Coriolis deflection of winds to the left in the Southern 

Hemisphere. The Southeast trade winds are stable and regular breezes that blow continuously 

all year round (Sturman & McGowan, 2013; Terry, 2007). The winds are stronger during 

austral winter (from May to October), while they are weaker during austral summer (from 

November to April) (Sturman & McGowan, 2013; Terry, 2007). 
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2.2.2.5 Equatorial Gravity Waves  

Equatorial waves are trapped ocean and atmosphere waves close to the equator, which weakens 

away from the equator and propagate in vertical and longitudinal directions (Holton, 2004). 

The wave trapping is the result of the combination of rotation of the Earth and its spherical 

shape cause the magnitude of the Coriolis force to increase rapidly away from the equator 

(Holton, 2004). Equatorial waves play an important role in the evolution of many climate 

phenomena such as El Niño, due to its presence in both the tropical atmosphere and the ocean. 

Physical processes in the atmosphere, such as diabatic heat release associated with cloud 

formation and anomalous changes in the strength or direction of the trade winds excite the 

equatorial waves (Holton, 2004). The equatorial gravity waves occur on mesoscale to large 

scale (Holton, 2004). 

2.2.2.6 South Pacific Convergence Zone (SPCZ) 

The South Pacific Convergence Zone (SPCZ) plays a significant role in global-scale circulation 

patterns as it contains the Earth’s most expansive and persistent convective cloud bands of the 

subtropical Southern Hemisphere climate (Vincent, 1994; Salinger et al., 1995). A band of low-

level convergence, cloudiness and precipitation characterizes the SPCZ, which lies from the 

west Pacific warm pool South-eastwards towards French Polynesia (Vincent, 1994; Salinger et 

al., 1995). The SPCZ intensity and location have been observed to fluctuate from synoptic to 

inter-annual timescales. The interactions of the trade winds and disturbances in the mid-

latitudes westerlies in the east maintains and links the SPCZ to the Inter-Tropical Convergence 

Zone (ITCZ) in the west over the Pacific warm pool (Vincent, 1994; Salinger et al., 1995). The 

SPCZ is most active during austral summer (Nov-Apr) in the Southern Hemisphere (Vincent, 

1994; Salinger et al., 1995).  

2.2.2.7 El Nino-Southern Oscillation (ENSO) 

The periodic alterations in ocean-atmosphere circulation in the Pacific is referred to as the El 

Niño-Southern Oscillation (ENSO) (Sturman & McGowan, 2013). The changes in pressure 

gradient between anticyclones in the eastern South Pacific and the equatorial trough causes 

fluctuations in the intensity of the Walker Circulation that characterises the Southern 

Oscillation (Sturman & McGowan, 2013). The strong trade winds drag warm surface water 

across the ocean towards the western central Pacific during which the La Niña phase 

predominates (Sturman & McGowan, 2013). While atmospheric and oceanic circulations slow 

down during El Niño, the effects of the Trade winds on the ocean surface temperature are 
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reduced whereby regional sea levels as well as water temperature are affected. The El Niño-

Southern Oscillation occurs on an inter-annual scale (Sturman & McGowan, 2013).  

2.2.2.8 Madden-Jullian Oscillation (MJO) 

The Madden-Jullian Oscillation (MJO) occurs on an intra-seasonal scale of 30 to 60 days on 

average (Madden & Julian, 1971). The MJO is a large-scale travelling pattern that propagates 

from the Indian Ocean to the east of the Pacific Ocean. It comprises of an eastward moving 

disturbance of clouds, rainfall, winds, and pressure that traverses the planet in the tropics and 

returns to its initial starting point (Madden & Julian, 1971). 

2.2.2.9 Tropical Cyclones and Storms  

Tropical cyclones and storms are frequent in the Southwest Pacific during austral summer when 

the atmospheric conditions are humid with higher temperatures (Sturman & McGowan, 2013). 

These weather systems are formed over large bodies of relatively warm water, and are 

characterised as having a low-pressure centre, a closed low-level atmospheric circulation, 

strong winds and spiral rain bands and thunderstorms (Sturman & McGowan, 2013). The heat 

released when moist air rises, and the water vapour it contains condenses, fuels the tropical 

cyclone and storms. The winds blow in a clockwise direction in the Southern Hemisphere due 

to the Coriolis Effect (Sturman & McGowan, 2013). The dominant Southeast trade winds are 

weaker during austral summer and wind flows are influenced by the atmospheric circulation of 

the tropical cyclones and other synoptic systems (Sturman & McGowan, 2013). Depending on 

the location and the path of the tropical cyclone, winds observed on the ground can range from 

moderate to extreme in excess of 300 km/hr. Tropical cyclones and storms occur on a synoptic 

scale (Sturman & McGowan, 2013). 

2.2.2.10 Land and Sea Breeze 

The differential heating and cooling of adjacent land and water surfaces by solar radiation 

develops land and sea breezes (Sturman & McGowan, 2013). Water has a greater heat capacity 

than land and because of this the land absorbs and emits radiation faster and more efficiently 

than water. A distinctive wind pattern of thermal circulation is created because of the diurnal 

temperature differentials between the land and the water (Sturman & McGowan, 2013). During 

the day, the air over land is heated more rapidly than that over water, which results in pressure 

changes and a thermally driven circulation with rising air over land and sinking air over water. 
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This causes the cool sea air to blow inland and is known as a sea breeze (Sturman & McGowan, 

2013).  

A sea breeze usually begins several hours after dawn and intensifies in the afternoon (Sturman 

& McGowan, 2013). There is a decrease in temperature and a rise in humidity caused by the 

inland moving sea breeze. In the tropics, the cooling effect is crucial for human comfort and 

its influence can penetrate about 30 – 40 km inland (Sturman & McGowan, 2013). This air is 

quite shallow and can be up to several kilometres deep at its maximum development. A sea 

breeze front may develop between the warm inland air and the cool sea air and this front is 

responsible for a large fraction of the precipitation on tropical islands (Sturman & McGowan, 

2013). 

At night the land cools more rapidly than water, resulting in a high pressure relative to that 

over water (Sturman & McGowan, 2013). The circulation reverses and the wind blows from 

the land towards the sea and this is known as a land breeze. The magnitude of the land breeze 

is smaller in comparison with a sea breeze because the water surface does not gain heat but 

retains the heat absorbed during the daytime (Sturman & McGowan, 2013). This produces a 

smaller temperature difference between the land and water at night resulting in a land breeze 

penetration seaward to about 10 km (Sturman & McGowan, 2013). 

The land and sea breeze occur in coastal regions of continents, islands and inland lakes 

(Sturman & McGowan, 2013). The frequency on coasts depends on latitude, season, cloudiness 

and gradient wind. In the tropics, the land and sea breeze are almost a daily phenomenon during 

the dry season and frequent though weaker during the wet season (Sturman & McGowan, 

2013). The factors influencing the land and sea breeze are gradient wind, topography near the 

coast, stability of the atmosphere and the nature of the vegetation cover, which influences the 

temperature difference between the land and the sea (Sturman & McGowan, 2013). Sand or 

bare soil is heated more rapidly than a surface covered with vegetation. The strength of the 

breeze is dependent on the temperature difference between the land and the sea (also known as 

the land-sea contrast). The sea breeze is stronger in magnitude of wind speed in comparison 

with the land breeze as the temperature gradient between the sea and the land is higher during 

the daytime in comparison with nighttime (Sturman & McGowan, 2013).   

2.3 Atmospheric Stability 

Atmospheric stability is a measure of atmospheric status which determines whether or not air 

will rise, sink, or be neutral (Sanderse, 2009). The stability of the atmosphere depends on the 
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environmental lapse rate 
𝑑𝑇

𝑑𝑧
, which is the rate of change of temperature with height. The 

atmospheric stability is mainly categorized in three states. Firstly, unstable, which is the result 

of the colder surrounding air that generates large-scale turbulence and thickens the ABL 

(Sanderse, 2009). Secondly, stable, which is the result of the cooling effect of the surface that 

inhibits turbulence generated by friction with the surface (Sanderse, 2009). For onshore, this 

normally happens during the night-time resulting usually in thermal inversion; for offshore, the 

stability depends mainly on the temperature of the air which is advected above the sea 

(Sanderse, 2009). Thirdly, neutral, which is the result of thermal equilibrium within the 

atmosphere, and which usually occurs with strong winds (Sanderse, 2009). 

In wind energy research, the atmospheric stability is expressed as a function of Obukhov 

length, L, which is based on the Monin-Obukhov similarity theory (MOST) (Sanderse, 2009). 

An expression of the wind speed profile as a function of the atmospheric stability can be 

achieved by combining the surface layer theory with the log law: 

𝑢(𝑧) =
𝑈∗

𝑘
(𝑙𝑛

𝑧

𝑧0
−  𝜓 (

𝑧

𝐿
))                 (2.1) 

where 𝑢(𝑧) is the mean wind speed at height 𝑧, 𝑈∗ is the frictional velocity, 𝑘 (= 0.4) is von 

Karman’s constant, 𝑧0 is the surface roughness length, 𝜓 is the stability dependent function 

which is positive for unstable and negative for stable conditions and 𝐿 is the Monin-Obukhov 

Length (Sanderse, 2009). 

The Monin-Obukhov-length is expressed as: 

𝐿 =
−𝑈∗

3�̅�0

𝑘𝑔 (𝑤′𝜃′
𝑣

̅̅ ̅̅ ̅̅ ̅̅ )𝑠

                (2.2) 

where 𝑔 is the gravitation acceleration, �̅�0 is the surface layer temperature and (𝑤′𝜃′𝑣)𝑠 is the 

mean surface virtual potential temperature flux (Emeis, 2018).  

Table 2.2 Atmospheric Stability Classification (Peña et al., 2008) 

Obukhov length interval [m] Atmospheric stability class 

10 ≤ 𝐿 ≤ 50 Very stable (vs) 

50 ≤ 𝐿 ≤ 200 Stable (s) 

200 ≤ 𝐿 ≤ 500 Near stable / neutral (ns) 

|𝐿| ≥ 500 Neutral (n) 

−500 ≤ 𝐿 ≤ −200 Near unstable / neutral (nu) 

−200 ≤ 𝐿 ≤ −100 Unstable (u) 

−100 ≤ 𝐿 ≤ −50 Very Stable (vs) 
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Generally, a neutrally stratified atmosphere will have 𝐿 ≈ 0, for stable stratification 𝐿 > 0, and 

for unstable 𝐿 < 0. Table 2.2 presents a more detailed classification of the atmospheric stability 

for different ranges of the Obukhov length (Peña et al., 2008). 

2.4 Wind Resource Classification 

The National Renewable Energy Laboratory (NREL, 2020) categorizes the wind resource as a 

function of wind speed and power density at heights of 10 and 50 meters via 7-Wind Power 

Classes (from marginal through to superb) as depicted in Table 2.3. Sites designated as Class 

1 and 2, with 10-metre wind speeds up to 5 m/s, are generally not suitable for utility-scale wind 

turbine applications, but maybe suitable for rural electrification applications. On the other hand, 

sites designated as Class 3 or higher having 10-metre (50-metre) wind speeds upwards of 5 m/s 

(6.4 m/s) are suitable for wind power development on a utility-scale. This wind resource 

classification is the standard classification in the scientific literature and within the wind 

industry (NREL, 2020; Mathew, 2006; Manwell et al., 2009).   

Table 2.3 Wind Power Class 

Wind 

Power 
Class 

10 m Wind Power 
Density (W/m2)  

10 m Wind 
Speed (m/s)  

50 m Wind 

Power Density 
(W/m2) 

50 m Wind 
Speed (m/s)  

Resource 

Potential 

1 0 - 100 0 - 4.4 0 - 200 0 - 5.6 Marginal 

2 100 - 150 4.4 - 5.1 200 - 300 5.6 - 6.4 Marginal 

3 150 - 200 5.1 - 5.6 300 - 400 6.4 - 7.0 Fair 

4 200 - 250 5.6 - 6.0 400 - 500 7.0 - 7.5 Good 

5 250 - 300 6.0 - 6.4 500 - 600 7.5 - 8.0 Excellent 

6 300 - 400 6.4 - 7.0 600 - 800 8.0 - 8.8 Outstanding 

7 400 -1000 7.0 - 9.4 800 -2000 8.8 - 11.9 Superb 

 

2.4.1 Weibull Distribution 

In most places, surface wind speed distribution is well approximated by a Weibull distribution 

(Mathew, 2006; Manwell et al., 2009; Mortensen et al., 2014). The Weibull distribution fitting 

is therefore the method most commonly used in wind energy studies to obtain a smooth 

distribution despite under-sampling of wind speed due to limited observation periods. The 

Weibull distribution is a two-parameter function, mathematically represented by 𝑓(𝑢) while 

the cumulative distribution function is represented by 𝐹(𝑢):  

𝑓(𝑢) =  
𝑘

𝐴
 (

𝑢

𝐴
)

𝑘−1

𝑒−(
𝑢
𝐴

)
𝑘

,     (2.3) 

𝐹(𝑢) = 1 − 𝑒−(
𝑢
𝐴

)
𝑘

,               (2.4) 
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where 𝑢 is the reference wind speed at the height of measurement, 𝑘 is the non-dimensional 

shape parameter, and 𝐴 is the scale parameter whose dimensions coincide with that of 𝑢 (𝑚/𝑠). 

𝑘, 𝑢, 𝑎 > 0. 

The Weibull distribution function is represented with an estimated Weibull 𝐴 parameter, which 

indicates on average how windy the sites is, and the Weibull shape parameter 𝑘 which indicates 

how peaked the distribution is (Mathew, 2006; Manwell et al., 2009). A lower Weibull 𝐴 

parameter means a lower mean wind speed at a site, while a higher Weibull 𝐴 parameter means 

a higher mean wind speed at a site. A higher Weibull 𝑘 parameter also indicates an increase in 

the dispersion of wind around the mean wind speed (Mathew, 2006; Manwell et al., 2009). A 

lower Weibull shape parameter 𝑘 (of 1.5 or 2) indicates a greater deviation from the mean wind 

speed, while a higher Weibull shape parameter 𝑘 (> 2.5) indicates that the variation of mean 

wind speed is small (Mathew, 2006; Manwell et al., 2009).  

2.4.2 Power Density and Energy in the Wind 

The power in the wind, 𝑃 (in units of W) is the product of the kinetic energy of air, advected 

with the wind which is calculated as: 

𝑃 =
1

2
𝜌𝐴𝑢3,                  (2.5) 

where 𝜌 is the air density (in units of kg m−3), 𝐴 is the frontal area of the wind turbine disc (in 

units of m2) and 𝑢 is the average onset wind speed (in units of m s−1) over an area that is equal 

to the rotor area (Mathew, 2006; Manwell et al., 2009).  

The energy in the wind, 𝐸 (in units of Wh) extracted by using a wind turbine is the product of 

the power in the wind with the efficiency of the wind turbine and the time i.e.  

𝐸 =
1

2
𝜌𝐴𝑢3𝑇𝜂,            (2.6) 

where 𝑇 is the duration of one year in hours and 𝜂 is the efficiency of the wind turbine (Mathew, 

2006; Manwell et al., 2009). 

The industry standard wind simulation software (WAsP) also makes use of the wind power 

density 
𝑃

𝐴
 (in units of W m−2) which is estimated using the wind turbine power curve 𝑝(𝑢) and 

the probability density function of the wind speed at the hub height of the wind turbine. This 

is calculated using:  
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𝑃

𝐴
= ∫ 𝑓(𝑢)𝑝(𝑢)𝑑𝑢.

∞

0

       (2.7) 

The annual energy output from a wind turbine E (in units of Wh) is estimated using the product 

of wind power density together with the time and the efficiency as follows: 

𝐸 = 𝜂𝑇 ∫ 𝑓(𝑢) 𝑝(𝑢)𝑑𝑢
∞

0

  (2.8) 

where 𝑢 is the wind speed at the hub height in m s−1, 𝑇 is duration of one year in hours and 𝜂 

is the efficiency of the wind turbine (Mortensen et al., 2014). 

2.4.3 Vertical Wind Profile and Wind Shear 

A power law is often used to describe the wind profile near the surface and is used to model 

the vertical profile of wind speed over regions of homogeneous, flat terrain and prairies 

(Mathew, 2006; Manwell et al., 2009). The power law is expressed as: 

𝑈(𝑧)

𝑈(𝑧𝑟)
= (

𝑧

𝑧𝑟
)

𝛼

            (2.9) 

where: 𝑈(𝑧) is the wind speed at height 𝑧, 𝑧𝑟 is the reference height and 𝛼 is the power law 

exponent or the wind shear coefficient. 

The wind shear is the vertical variation of wind speed with height. It results from the surface 

drag which slows down the wind at the surface. It depends on how the effect of this drag is 

transported upwards by turbulence, and on the surface roughness which modulates turbulence. 

It is an important parameter not only for power production from wind turbines, but also for 

aerodynamic loadings on the wind turbine blades. The wind shear coefficient can be computed 

using known wind speeds at two heights, as in equation (2.10). 

∝ =  
𝑙𝑛 (

𝑢(𝑧)
𝑢 (𝑧𝑟))

𝑙𝑛 (
𝑧
𝑧𝑟

)
       (2.10).    

Many researchers have used one-seventh power law where 𝛼 =
1

7
 for relatively flat terrain. 

2.4.4 Capacity Factor  

The capacity factor (CF) is the ratio of the actual energy output (𝐸𝑇) produced by a wind power 

system to the output that would have been generated if the system operated full-time at its full 

rated power (𝑃𝑅) over a given time period (𝑇) (Mathew, 2006; Manwell et al., 2009). The 

dimensionless CF is given by: 
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𝐶𝐹 =  
𝐸𝑇

𝑃𝑅𝑇
                           (2.11) 

2.5 Wind Resource Assessment Methods 

Wind resource assessment is a method to determine the average wind climate in terms of mean 

wind speed and dominant wind direction over a time period at a measurement height in a region 

or study area. Wind resource assessment methods fundamentally aim to characterize the wind 

regime over a given area. Wind observations are objectively the only real data we get from the 

wind field over a given area. However, wind resource assessment traditionally cannot be done 

using only point-to-point wind measurements because they do not usually cover the whole area, 

and/or are not enough density to fully characterize the wind regime over the whole area (this 

is, are not representative of the whole area). To tackle this limitation of the observations, one 

must use software modelling (Mathew, 2006; Manwell et al., 2009). Wind resource assessment 

can be divided into two categories: firstly, regional wind resource assessment, which evaluates 

resources for a region as a first approach. In this case, a mesoscale model is used to perform 

the regional wind resource assessment. Secondly, site-specific assessment, which is a detailed 

evaluation of specific areas that exhibit high potential in regional assessments (Mathew, 2006; 

Manwell et al., 2009). In this case, a linear wind flow model like Wind Atlas Analysis and 

Application Program (WAsP) is used. A number of wind resource assessment methods are 

available and practiced by resource assessors, which includes direct wind measurements using 

anemometers and wind vanes, SODAR, LIDAR, linear wind flow models and large numerical 

weather prediction models (Mathew, 2006; Manwell et al., 2009).  

2.5.1 Anemometers and Wind Vanes 

The traditional method of wind resource assessment at a particular site consists of setting up a 

meteorological mast with mechanical anemometers and wind vanes at different heights (10 – 

60 m) above the ground to measure and record the wind speed and wind direction (Mathew, 

2006; Manwell et al., 2009). The mechanical anemometer works on the principle of converting 

the mechanical energy into corresponding electrical pulses to monitor the speed of the motor 

digitally. A wind vane works by utilizing the venturi effect to measure the wind direction 

(Mathew, 2006; Manwell et al., 2009). A consistent measurement of one complete year can 

provide the useful information about the wind resource and its variability on a temporal and 

seasonal scale to provide a preliminary understanding of the wind characteristics and the energy 

potential for a site (Mathew, 2006; Manwell et al., 2009). Longer wind measurements of the 
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order of 10 – 30 years are required to create a better long-term understanding of the wind 

climate and the wind variability at specific measurement locations (Mathew, 2006; Manwell et 

al., 2009). 

2.5.2 SODAR 

Sound Detection and Ranging (SODAR) is an advanced meteorological instrument used to 

measure wind speeds at different heights above the ground (Mathew, 2006; Manwell et al., 

2009). To measure the wind speed, the SODAR uses the Doppler shift phenomenon, which 

refers to the apparent change in frequency of an acoustic signal from a moving source that is 

perceived by a fixed observer (Mathew, 2006; Manwell et al., 2009). High frequency (typically 

4500 Hz) multi-beam acoustic signals are emitted from the SODAR in three directions, one 

beam in the vertical and two orthogonal beams tilted at approximately 17 degrees from the 

vertical. The acoustic waves are reflected off from moving turbulent layers of air in the 

atmosphere thereby causing a portion of the signal to return to the SODAR. The reflected 

signals are then measured by the SODAR and an FFT (Fast Fourier Transform) is performed 

to analyse the frequency content of the signal (Mathew, 2006; Manwell et al., 2009). The 

Doppler-shifted frequency is calculated at a range of heights (up to 200 m) in each direction 

and vector wind speed is calculated and recorded (Mathew, 2006; Manwell et al., 2009).   

2.5.3 LIDAR 

Light Detection and Ranging (LIDAR) is an advanced meteorological instrument designed to 

measure atmospheric characteristics including wind speed and direction at a number of heights 

from ground level (Mathew, 2006; Manwell et al., 2009). This instrument emits a stream of 

photons that interact with a variety of particulates in the air, some of which is scattered back 

towards the LIDAR where the signal is analysed, and wind data is reported based on the 

Doppler shift phenomena (Mathew, 2006; Manwell et al., 2009). The small size of the LIDAR 

allows much greater freedom of deployment when compared to traditional tower-based data 

collection. Another benefit of the LIDAR is its capability to provide a description of the vertical 

wind shear profile at a given location (Mathew, 2006; Manwell et al., 2009). The concept of 

wind measurements from a ground-based instrument has already been established with 

SODAR technology, but the uniqueness of LIDAR is that it is not subject to echo interactions 

with the surrounding topography and structures (Mathew, 2006; Manwell et al., 2009). 
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2.5.4 Linear Wind Flow Models  

Linear wind flow models such as Wind Atlas Analysis and Application Program (WAsP) are 

based on physical principles of the atmospheric boundary layer theory of Jackson and Hunt 

(Jackson & Hunt, 1975), for site-specific wind data analysis and its extrapolations over areas 

with mildly changing terrain, under thermal stability (no convection) conditions (Mortensen et 

al., 2014). WAsP is PC-based wind simulation software, developed and distributed by 

researchers within the Department of Wind Energy at the Denmark Technical University 

(Mortensen et al., 2014). It is a standard wind resource assessment, siting, and energy-yield 

calculation tool used in the wind-power industry and in scientific research. It produces spatial 

patterns of wind and mapping of wind resources by extrapolation of wind data (horizontally 

and vertically) (Mortensen et al., 2014). The accuracy of the predictions is subject to the 

assumption that there is the same overall weather regime for the reference and predicted sites, 

the weather conditions are close to neutrally stable, the reference wind data is reliable, the 

surrounding terrain is sufficiently smooth, and the topographical inputs are adequate and 

reliable (Mortensen et al., 2014). 

The WAsP software is based on an implementation of the so-called wind atlas methodology 

(Troen & Petersen, 1989). Figure 2.5 shows the schematic view of the wind atlas methodology. 

Models for: sheltering obstacles (obtained from input position and dimensions of obstacles), 

roughness of terrain (obtained from input terrain classification) and mountainous terrain 

(obtained from input height contour lines) are used to calculate the generalised wind 

climatology using the measured data in the WAsP analysis part (Mortensen et al., 2014; Troen 

& Petersen, 1989). The wind climate at any specific site may be calculated from the generalised 

wind climatology in the reverse process in the WAsP application of the wind atlas data 

(Mortensen et al., 2014; Troen & Petersen, 1989).  

Figure 2.5 shows that WAsP is based on two fundamental assumptions: first, the generalised 

wind climate is assumed to be nearly the same at the predictor (meteorological station) and the 

predicted sites (wind turbines) and second, the past (historic wind data) is assumed to be 

representative of the future (the 20-year lifetime of the wind turbines). The reliability of any 

given WAsP prediction depends very much on the extent to which these two assumptions are 

valid (Mortensen et al., 2014). 
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Figure 2.5. Wind atlas methodology of WAsP (Troen & Petersen, 1989). 

2.5.5 Mesoscale Atmospheric Models 

Mesoscale atmospheric models are a sub-group of numerical weather prediction (NWP) 

models. Mesoscale atmospheric models are used to study the different atmospheric parameters 

at various scales of space and time. Researchers have developed numerous advanced mesoscale 

meteorological models that aid in studying the weather and climate. The models are in use in 

areas of NWP and atmospheric research.  

Numerical weather prediction models are based on the principles of fluid dynamics and 

simulate the fundamental physics of the atmosphere. These methods solve discretised versions 

of the conservation of mass, momentum and energy equations (Skamarock et al., 2008). These 

equations are solved on a three-dimensional grid and the method simulates the evolution of 

atmospheric conditions over time. The computational requirements for such methods are 

typically huge and these increases rapidly for simulations which use finer grid spacing. This 

requires that simulations be performed on high performance computer clusters (Skamarock et 

al., 2008). These advanced numerical mesoscale atmospheric models are used to downscale 

coarse resolution (1 degree by 1 degree or greater and 6-hourly) input data to high spatial (of 

the order of a few kilometres) and temporal (hourly) resolution. This method is commonly used 
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for regional wind resource assessment and is very useful for developing high-resolution 

mesoscale wind-resource maps to identify potential wind-resource sites and for creating long-

term time series wind data of the order of few years to ~10 years. These can be further 

investigated for future wind energy planning and development. The major advantage of NWP 

model-based wind resource assessment is that it is inexpensive in comparison with tower, 

SODAR and LIDAR based wind resource assessment for similar spatial (horizontal and 

vertical) and temporal resolution.   

Reanalyses can also be used for the purpose of wind resource assessment where ground-based 

wind data measurements are not available. Reanalyses are datasets that combine two different 

sources of atmospheric data: simulations from NWP models and observations. Part of these 

observations come from satellites, but not all. The problem with this method (reanalyses 

datasets) is that the data is typically only available at a low spatial resolution (about 80 km), 

which makes sites indistinguishable. 

2.5.5.1 Governing Equations 

The primitive equations are the basis of General Circulation Models (GCMs); these are the 

Navier-Stokes equations with the anelastic (or Boussinesq) approximation and the hydrostatic 

approximation (Haltiner, 1971; Douglas et al., 2005). The primitive and anelastic equations are 

sets of non-linear partial differential equations, which govern atmospheric motion at all scales 

of the atmosphere – from global to local. The equations are integrated numerically, since they 

cannot be analytically solved (Haltiner, 1971; Douglas et al., 2005). Different models have 

evolved over time to suit the different applications to resolve various scales of the atmospheric 

flows. The different atmospheric models can be classified as: General Circulation Model 

(GCM), Mesoscale Model and Large Eddy Simulations (LES) model. Other type of models 

includes fluid-dynamics models such as Computational Fluid Dynamics (CFD) model. Fluid-

dynamics models can also be applied to atmospheric studies since the atmosphere is a fluid and 

its dynamics is fundamentally based on fluid dynamics theory.  

Mesoscale models only use the anelastic approximation at kilometric resolution. The mesoscale 

models use these equations to approximate atmospheric flow by using the conservation of mass 

(continuity equation), momentum (Newton’s second law of motion), and energy (first law of 

thermodynamics) on the motion of the atmosphere, related to the equation of state (Haltiner, 

1971; Douglas et al., 2005). Various assumptions are utilized to simplify the primitive 

equations, for instance to neglect atmospheric parameters such as molecular viscosity, which 
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is negligible at large scale and all the way down to microscale (Haltiner, 1971; Douglas et al., 

2005). In weather and climate, the transport and the change of water is important, thus, 

equations representing the continuity of moisture phases (water conservation equation) are 

introduced in the primitive equations (Haltiner, 1971; Douglas et al., 2005). Detailed 

background information regarding the development of the primitive equations is available in 

fluid mechanics texts (Haltiner, 1971; Douglas et al., 2005). 

2.5.5.2 Weather Research and Forecasting (WRF) model 

One of the most widely used and user-friendly mesoscale numerical weather prediction (NWP) 

models is the Weather Research and Forecasting (WRF) model. The National Center of 

Atmospheric Research (NCAR) mostly developed the Weather Research and Forecasting 

Model in collaboration with the National Oceanic and Atmospheric Administration (NOAA), 

the National Center for Environmental Prediction (NCEP), the Forecast Systems Laboratory 

(FSL), the Air Force Weather Agency (AFWA), the Naval Research Laboratory (NWL), the 

Oklahoma University, and the Federal Aviation Administration (FAA) (Skamarock et al., 

2008).  

The WRF model succeeded from the MM5 model, re-written completely to be a flexible, 

portable model and efficient in a parallel computing environment with advanced data 

assimilation techniques (Skamarock et al., 2008). The core of the WRF model is a fully 

compressible non-hydrostatic mesoscale model, utilizing explicit time-split integration scheme 

with different time-steps for meteorological acoustic modes (Skamarock et al., 2008). The 

model can support two dynamical solvers: The Advanced Research WRF (ARW) solver 

maintained and developed by NCAR, and the Non-hydrostatic Mesoscale Model (NMM) 

developed by NCEP (Skamarock et al., 2008). The WRF model simulates the fundamental 

physics of the atmosphere, which includes the conservation of mass, momentum, energy and 

the moisture phases using a variety of online, global, geophysical and meteorological databases 

(Skamarock et al., 2008; Wang et al., 2018).  

The numerical solution of equations that define atmospheric processes is found by starting with 

selected initial conditions and time stepping towards the solution (Skamarock et al., 2008; 

Wang et al., 2018). For horizontal dynamics, a grid is selected on the model domain, calculating 

new solutions at each grid point, at each time. Higher resolution grids tend to yield more 

accurate results but at a greater computational cost (Skamarock et al., 2008; Wang et al., 2018). 

The grid staggering is the Arakawa C-grid (Wang et al., 2018) and the model uses higher order 
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numerics. The numerics include the Runge-Kutta 2nd and 3rd order time integration scheme, 

and 2nd to 6th order advection schemes for both horizontal and vertical directions (Skamarock 

et al., 2008; Wang et al., 2018). The dynamic solver conserves scalar variables. The WRF 

model code contains the initialisation programs (geogrid.exe, ungrib.exe, metgrid.exe and 

real.exe) and a numerical integration program (wrf.exe). The WRF I/O API supports NetCDF, 

PHD5, GriB1 and GriB2 formats (Wang et al., 2018).  

The state-of-the-art WRF model has been designed to be a strong, open source and a 

community model with support and training provided by NCAR (Wang et al., 2018). This has 

encouraged user contribution to physics and other parameterization packages (Wang et al., 

2018). It is used worldwide for a variety of applications, from real-time weather forecasting, 

regional climate modelling, and atmospheric related research applications, to simulating small-

scale thunderstorms (Wang et al., 2018). The applications of the WRF model have been 

reviewed and documented in the WRF related studies presented in the literature review section 

of chapter 1. The WRF model was primarily designed for weather forecasting applications, but 

the quality and ease of use has made it to be the model of choice for downscaling in atmospheric 

research including wind energy related applications (Wang et al., 2018). 

The following sub-section briefly describes the main features of WRF model, which has been 

selected as the choice of model for downscaling wind resources for the SIDS of Fiji. The sub-

sections are summarised from the WRF-ARW user guide version 3.9 (Wang et al., 2018) and 

the NCAR Technical note (Skamarock et al., 2008). 

2.5.5.2.1 Model components 

The dynamic model (WRF) and the WRF Pre-processing System (WPS) are the two main 

components of the WRF model (Wang et al., 2018).  

The WPS program defines the simulation domain, interpolates the static data (such as terrain, 

land-use, and soil types) to the simulation domain and degribs and interpolates the dynamic 

data (meteorological data needed for initial and boundary conditions) from another model (For 

instance, NCEP-FNL) to the simulation domain (Wang et al., 2018). The WPS program accepts 

the input static data in simple binary format and the dynamic data in gridded binary (grib) 

format and this allows most global analysis and reanalysis datasets (available in grib format) 

to be used (Wang et al., 2018). 
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The WRF program calculates the vertical dynamic (hydrostatic) balance, soil vertical 

interpolations and land-use mask checks, and performs the time integration using the initial 

and boundary conditions to output model results (Wang et al., 2018).  

2.5.5.2.2 Vertical coordinate  

The WRF model uses a terrain-following hydrostatic-pressure vertical coordinate denoted by 

the symbol 𝜂 defined as: 

𝜂 =
(𝑝ℎ − 𝑝ℎ𝑡)

(𝑝ℎ𝑠 − 𝑝ℎ𝑡)
,          (2.12) 

where, 𝑝ℎ is the hydrostatic component of the pressure at height ℎ and 𝑝ℎ𝑠 and 𝑝ℎ𝑡 refers to 

values along the surface and the top boundaries, respectively (Wang et al., 2018). The value of  

𝜂 varies from unity at the surface to zero at the upper boundary of the model domain (Wang et 

al., 2018). The vertical coordinate is also called a mass vertical coordinate, whereby the 

hydrostatic pressure is the dry mass of a column and 𝜂 gives the fraction of mass above ℎ in 

comparison to the total mass of the column (Wang et al., 2018).   

2.5.5.2.3 Governing equations 

The WRF model uses the Euler equations in flux form, for the conservation of mass, 

momentum, energy and the equation of state with an explicit integration scheme (Skamarock 

et al., 2008). The NCAR Technical note describes and presents the governing equations 

(Skamarock et al., 2008). Perturbations are used to define variables from a hydrostatically 

balanced reference state to reduce truncation errors (Skamarock et al., 2008). The prognostic 

variables include the velocity components 𝑢 and 𝑣, vertical velocity 𝑤, perturbation potential 

temperature, geopotential and surface pressure of dry air (Skamarock et al., 2008). Other 

prognostic equations may exist depending on the different physics parameterization schemes 

used in the model, for instance, for turbulent kinetic energy (TKE), water vapour mixing ratio 

and others (Skamarock et al., 2008). 

2.5.5.2.4 Numerical Integration  

The third order Runge-Kutta integration scheme is used to integrate the meteorological modes 

(Skamarock et al., 2008). A time-splitting integration scheme is used where acoustic modes are 

integrated over a smaller timestep to preserve the stability of the model, while allowing the 

overall use of longer timestep to keep the model numerically stable (Skamarock et al., 2008).  
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2.5.5.2.5 Horizontal Coordinates  

An Arakawa-C staggered horizontal grid is used to evaluate the variables (Skamarock et al., 

2008). The vectors are defined at the boundaries of the grid cells, while scalars are defined at 

the centre of the cells, as shown in Figure 2.6.   

 

Figure 2.6. Arakawa-C staggering in the horizontal and vertical directions of the grid 

cube (Skamarock et al., 2008; Wang et al., 2018). 

 

2.5.5.2.6 Physics Parameterization  

There are several categories of the physics parameterization schemes in the WRF-ARW model. 

These include planetary boundary layer (PBL), surface layer (SL), cumulus parameterization, 

microphysics, land surface model (LSM), and shortwave and longwave radiation (Skamarock 

et al., 2008). The role of each schemes is as follows: 

▪ The Planetary Boundary Layer (PBL) scheme is responsible for vertical sub-grid-scale 

fluxes due to eddy transports in the whole atmospheric column, not just the boundary 

layer (Skamarock et al., 2008). 

▪ The Surface Layer (SL) scheme calculates friction velocities and exchange coefficients 

that enable the calculation of surface heat and moisture fluxes by the land-surface 

models and surface stress in the PBL scheme (Skamarock et al., 2008). 

▪ The Cumulus parameterization scheme is responsible for the sub-grid effects of 

convective and/or shallow clouds (Skamarock et al., 2008). 

▪ The Shortwave radiation scheme includes visible and surrounding wavelengths that 

make up the solar spectrum. The sun is the only source, and the processes include 
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absorption, reflection, and scattering in the atmosphere and at surfaces (Skamarock et 

al., 2008).  

▪ The Longwave radiation scheme includes infrared or thermal radiation absorbed and 

emitted by gases and surfaces. Upward longwave radiation flux from the ground is 

determined by the surface emissivity that in turn depends upon land-use type, as well 

as ground (skin) temperature (Skamarock et al., 2008). 

▪ The Microphysics schemes include explicitly resolved water vapour, cloud, and 

precipitation processes (Skamarock et al., 2008). 

▪ The Land surface model uses atmospheric information from the SL scheme, radiative 

forcing from the radiation scheme, and precipitation forcing from the microphysics and 

convective schemes, together with internal information on the land’s state variables and 

land-surface properties, to provide heat and moisture fluxes over land points and sea-

ice points (Skamarock et al., 2008). 

The different parameterization schemes directly interact in the following manner as depicted 

in Figure 2.7.  

 

Figure 2.7 Interaction of Parameterizations (Skamarock et al., 2008; Wang et al., 2018). 

Each of the physics parametrization schemes has several options, which can be used with the 

other schemes in different combinations to represent the atmospheric parameters to be used in 
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the model simulations (Wang et al., 2018). These schemes vary as per the different climatic 

conditions of individual studies in various countries. The true representation of the atmospheric 

parameters via these schemes is necessary for the model to simulate surface winds accurately. 

No study has specifically carried out a sensitivity study to evaluate the different physical 

parameterization schemes most appropriate for a SIDS surrounded by enormous amounts of 

ocean in the tropical Southwest Pacific whereby the weather and climate are influenced largely 

by the land-sea interactions.  

2.5.5.2.7 Static data 

The default land-use data, which includes the Green Fraction is from Moderate Resolution 

Imagining Spectroradiometer Fraction of Photosynthetically Active Radiation (MODIS 

FPAR), and the Land Use Index/Land Use Fraction is from the 21-class MODIS, both available 

at a resolution of 30-arc-seconds. The dataset is made by the University of Boston based on 

MODIS observational data, which spans from January to December of 2001. The classification 

of the dataset is devised by the International Geosphere Biosphere Program (IGBP) and 

consists of 21 discrete categories. This data is generally thought to be accurate and adequate 

for mesoscale studies. 

The default terrain elevation is from the U.S. Geological Survey (USGS) enhanced global 

elevation model named the Global Multi-resolution Terrain Elevation Data 2010 

(GMTED2010) available at a resolution of 30-arc-second, which equates to approximately 1 

km resolution at the latitude of Fiji which falls in the tropics. The data comes from the Shuttle 

Radar Topography Mission (SRTM), which is adequate for mesoscale studies.  

2.5.5.2.8 Parallel environment 

A parallel working environment is supported by WRF via MPI (Message Passing Interface) 

and OpenMP parallelism (Wang et al., 2018). The model domain is decomposed into tiles that 

can be further decomposed into patches. The tiles are assigned to MPI tasks with their own 

memory space that communicate via message passing while the patches are assigned to 

OpenMP threads (Wang et al., 2018). Decomposing the model domain provides a limit on the 

scaling performance of the WRF model. This is because at some point within the domain, the 

tiles become too small to fully utilize individual CPUs and thus, the latency of message passing 

degrades model performance (Wang et al., 2018). Scaling tests with the computing platform 

running the WRF model are mandatory to evaluate the optimal model performance.    
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2.6 Downscaling Methods 

Downscaling is a method of using atmospheric parameters at a large scale with coarse 

resolution resolved by Global Circulation Models (GCMs) to make predictions at a smaller 

scale with high spatial resolution (Hewitson & Crane, 1996; Hong & Kanamitsu, 2013). There 

are three main approaches to downscaling: statistical-empirical, dynamical (direct nesting) and 

statistical-dynamical downscaling.  

2.6.1 Statistical-Empirical Downscaling 

Statistical-empirical (SE) downscaling uses regional and global observations and device 

statistical relations between regional scales large enough to be resolved by GCMs (Hewitson 

& Crane, 1996; Hong & Kanamitsu, 2013). Under the assumption that the same relations are 

valid for a future climate, which should not be too different from the present climate, these 

relations may be applied to the output of global climate scenario simulations in order to 

estimate regional climate change (Hewitson & Crane, 1996; Hong & Kanamitsu, 2013).  

2.6.2 Dynamical Downscaling  

Dynamical downscaling (DD) is a computationally intensive technique that was developed 

based on dynamical formulations using the initial and time-dependent lateral boundary 

conditions of GCMs to drive a regional climate model to simulate the atmospheric parameters 

at a high spatial resolution via direct nesting, taking into account the local conditions (Hewitson 

& Crane, 1996; Hong & Kanamitsu, 2013; Giorgi & Bates, 1989). Giorgi and Bates pioneered 

the dynamical downscaling method in 1989 (Giorgi & Bates, 1989) and it is believed to be less 

dependent on the present-day statistics and it yields more physically based results that are 

generally applicable.  

The spatial resolution of mesoscale models is much improved (of the order of a few kilometres) 

in comparison with GCMs and provides a better description of the orographic effects, land-sea 

contrast and land-surface characteristics (Hong & Kanamitsu, 2013; Giorgi & Bates, 1989). 

Figure 2.8 depicts a schematic of the concept of spatial downscaling, showing dynamical 

downscaling of GCM data at coarse resolution to mesoscale data at finer resolution. The 

mesoscale models are used for dynamical downscaling of atmospheric parameters for research 

studies (Hewitson & Crane, 1996; Hong & Kanamitsu, 2013). 
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Figure 2.8. The concept of spatial downscaling, showing dynamical downscaling of GCM 

data (coarse scale) to RCM data (fine scale) (Source: David Viner, Climate Research Unit, 

University of East Anglia, UK). 

2.6.3 Statistical-Dynamical Downscaling  

The statistical-dynamical downscaling (SDD) method assumes that a limited number of 

different weather types or episodes can be used to characterize the large-scale weather system 

of a particular area (Giorgi & Bates, 1989; Kim et al., 1984). Multi-year time-series output 

from GCM are analysed to define these episodes and to calculate their frequency of occurrence. 
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The statistical classification is combined with a high-resolution numerical model to determine 

the local atmospheric conditions during each type of episode and based on the frequency of 

each episode, the overall atmospheric conditions are statistically derived (Giorgi & Bates, 

1989; Kim et al., 1984). Kim et al. pioneered the statistical dynamical downscaling method in 

1984 (Kim et al., 1984). Statistical-dynamical downscaling is a somewhat more complex 

approach but is less computationally demanding in comparison with dynamical downscaling 

(Fuentes & Heimann, 2000). This approach statistically pre-filters GCM outputs into a few 

characteristic states that are further used in RCM simulations (Fuentes & Heimann, 2000). 
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Chapter 3 Methodology 

This chapter presents the research methodology. It is divided into five parts: study area and 

wind measuring stations, modelling approach/implementation; choice of the model, model set-

up and simulation, and model validation and analysis.  

3.1 Study area and wind measuring stations 

Figure 3.1 shows the study area of the SIDS of Fiji, which covers the larger islands and the 

smaller islands in the surrounding waters and is marked with the locations of 24 automatic 

weather stations (AWSs) of Fiji Meteorological Services. It shows the model topographical 

height contours at a resolution of 30-arc-second.  

 

Figure 3.1 Map of the study area (Fiji) showing the topographical height with the 

location of the 24 AWSs. 
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Uninterrupted measured wind data are available for 2 – 8 years (2011 – 2018) from the 24 

AWSs at an elevation of 10 m above ground level. This data is used for direct wind-power 

assessment, model validation, and input to the WAsP model. 

Fourteen stations are located on Viti Levu, five on Vanua Levu and five on the outer islands. 

Eleven stations are located on the leeward side of the two larger islands: Keiyasi, Labasa, 

Momi, Nadarivatu, Nadi, Rakiraki, Rarawai, Seaqaqa, Sigatoka, Wainikoro and Yaqara 

stations. Eight stations are located on the windward side of the two larger islands: Korolevu, 

Lomaivuna, Nausori, RKS Lovoni, Saqani, Suva, Tokotoko and Udu stations. The five stations 

located on the outer islands are Koro Island, Levuka, Viwa, Vunisea and Yasawa stations. 

A summary of the characteristics of the AWSs is shown in Table 3.1. The elevation of the 

AWSs is given in meters above sea level (m a.s.l.). The model terrain elevations for each AWS 

is presented for both the 1.33 km × 1.33 km and 1 km × 1 km grid cell averages taken from 

the grid cell in which the AWS is located.  

Table 3.1 Position and Elevation of AWSs 

Station Name 
Latitude 

(°S) 

Longitude 

(°E) 

Elevation 

(m a.s.l.)  

WRF Elevation 

1.33 km grid 
 (m a.s.l.) 

WRF Elevation 

1 km grid 
 (m a.s.l.) 

Keiyasi  -17.8795 177.7552 89.8 79.7 63.7 

Koro Island -17.3450 179.4184 108.8 174.7 80.1 
Korolevu  -18.2129 177.7304 25.7 39.8 41.5 

Labasa  -16.4333 179.4000 8.5 4.5 13.1 

Levuka  -17.6403 178.8186 41.5 61.6 43.1 

Lomaivuna  -17.8714 178.3601 122.1 125.2 128.5 
Momi  -17.8952 177.2668 43.8 24.5 25.9 

Nadarivatu -17.5676 177.9632 824.1 701.0 761.7 

Nadi  -17.7599 177.4448 20.7 11.7 14.9 
Nausori -18.0464 178.5591 5.7 5.2 4.9 

Rakiraki  -17.3404 178.2214 8.1 0.7 3.4 

Rarawai -17.5564 177.6814 9.3 22.0 17.0 

RKS Lovoni -17.7260 178.5551 17.1 12.2 14.1 
Saqani -16.4749 179.7089 30.0 39.1 43.2 

Seaqaqa  -16.4758 179.1578 101.8 109.4 109.5 

Sigatoka  -18.1422 177.5039 6.7 37.8 12.0 
Suva  -18.1475 178.4536 6.6 4.2 15.6 

Tokotoko  -18.2186 178.1700 4.9 5.6 6.2 

Udu  -16.1411 -179.9947 43.7 0.9 0.3 
Viwa  -17.1494 176.9117 2.0 0.7 1.0 

Vunisea -19.0469 178.1654 31.9 35.9 86.3 

Wainikoro -16.3044 179.5586 15.1 28.8 15.3 

Yaqara -17.4330 177.9774 20.0 8.8 11.2 
Yasawa -16.6984 177.5746 40.0 5.1 5.1 

 



46 

 

3.2 Modelling Approach/Implementation 

In this study, three modelling approaches are used. The first approach is the application of 

WAsP, which is the linear micro-scale model, the next is the application of the WRF mesoscale 

model and the final approach is the mesoscale-microscale (WRF-WAsP) coupling. Figure 3.2 

shows the overall methodological flow chart with outputs for each. 

 

Figure 3.2 Flow chart showing the methodological approaches used in this study. 

3.2.1 Application of WAsP – Microscale 

The general methodology of the application of WAsP is shown in Figure 3.3 as a flow chart. 

Two sets of microscale studies are conducted using WAsP. In the first part, WAsP 12.1 was 

used to assess the available wind resources for 30 AWS locations around Fiji (6 AWSs are 

located on outer islands and fall outside the domain shown in Figure 3.1) (Dayal et al., 2021a). 

This was done to evaluate potential wind resources around Fiji using available wind data. The 

analysis evaluates the wind characteristics in terms of mean wind speed, dominant wind 
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direction, mean power density, diurnal and annual wind speed patterns, average wind shear 

coefficient and the energy potential via resource mapping of a 275-kW Vergnet wind turbine. 

In addition, the potential for future utility-scale wind power development is assessed. 

 

Figure 3.3 Flow chart showing the WAsP application methodology. 

In the second part, wind measurements from a nearby AWS is used in WAsP to provide an 

analysis of the Butoni wind farm in Fiji (Dayal et al., 2021c). This was done to evaluate the 

available wind resource, related energy economics and investigate the main causes of the 

underperformance of the 10 MW Butoni wind farm. This study aimed to carry out an analysis 

of the Butoni wind farm to evaluate the wind characteristics in terms of mean wind speed, 

dominant wind direction, mean power density, diurnal and annual wind speed patterns, capacity 

factor, average wind shear and the energy potential via resource mapping of a 275-kW Vergnet 

wind turbine using measured data from a nearby located AWS in WAsP. In addition, the 

analysis compares simulated yearly results with actual operational production from the wind 

farm and discusses the related economic return together with the causes for the under-

performance of the wind farm. 

The results of these studies are presented in Chapters 4 and 5.  

3.2.2 Application of WRF – Mesoscale 

WRF model version 3.9.1.1 was installed, tested and used for this study on the New Zealand 

eScience Infrastructure (NeSI) High Performance Computer Cluster – Mahuika. Figure 3.4 

presents the schematic view of the WRF model program and data flow process. The simulation 
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process has three main parts: the WRF Pre-processing System (WPS), WRF Simulations and 

Post-processing. In the WRF Pre-processing System (WPS), the geogrid program defines the 

model domains and interpolates static geographical data on to the grid; the ungrib program 

extracts the meteorological fields from the GRIB data files for the simulation period and the 

metgrid program horizontally interpolates the meteorological fields extracted by ungrib to the 

model grids initially defined by geogrid. The WPS namelist file interconnects the processes 

between geogrid, ungrib and metgrid programs (Wang et al., 2018). 

 

Figure 3.4 WRF model program and data flow process. 

In the WRF simulation process, the real program vertically interpolates the output 

meteorological fields from the metgrid program to the WRF eta levels creating the initial and 

boundary conditions for the real data. The real program performs a vertical dynamic 

(hydrostatic) balance, soil vertical interpolations, and land-use mask checks. The wrf program 

performs the time integration using the initial and boundary conditions from the real program. 

The wrf program runs the model simulations with run-time selected namelist options such as 

time and control, domains, time-step, physics and dynamics choices etc. If the wrf program run 

is successful, WRF output files are generated for each of the domains. If the wrf program run 

is unsuccessful, the process goes back to the output from WPS to identify possible runtime 

errors etc (Wang et al., 2018). In post-processing, the simulation output is cleaned by deleting 

the model-spin up days and the top 21 vertical levels above 1000 meters by using the NetCDF 

Operator (NCO) for the WRF output files of interest, which are then stored and post-processed 

using the NCAR Command Language (NCL) for wind resource maps and data extraction for 

analysis. 



49 

 

Figure 3.5 presents the schematic view of the output data processing/verification strategy, 

which includes the generation of mesoscale wind-resource maps using NCL, validation and 

error analysis against ground-based wind measurements from automatic weather stations. 

 

Figure 3.5 Output data processing flow chart. 

 

3.2.3 Mesoscale-microscale (WRF-WAsP) coupling 

Figure 3.6 presents a schematic view of the mesoscale-microscale (WRF-WAsP) coupling 

strategy. In this approach, time series wind speed and wind direction data from WRF model 

output is extracted for the study period at the grid points in which the AWSs are located over 

the three domains and input in WAsP. High resolution terrain, vegetation and land cover data 

in the form of vector maps is also input in WAsP. This is done to assess if the WRF-WAsP 

coupling improves the accuracy of the wind speed estimates by considering the microscale 

features of the topography and the land roughness using a linear wind flow model.  

 

Figure 3.6 Mesoscale-microscale (WRF-WAsP) coupling strategy. 
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The output from the coupling is analysed in terms of mean wind speed, Weibull parameters 

and wind power density and compared against mesoscale results to assess the extent of the 

improvement in the estimates. Time series wind data is extracted from identified potential wind 

resource sites in a similar way and input into WAsP. High-resolution microscale wind-resource 

maps for potential sites are developed and the potential of wind energy to support utility-scale 

electrical power generation is evaluated using the Vergnet 275 kW wind turbine that is 

applicable for the tropical Southwest Pacific. 

The Vergnet 275-kW wind turbine has been used at the Butoni wind farm as these turbines can 

be lowered to the ground and secured in place during extreme wind conditions, such as tropical 

cyclones, which are not uncommon in Fiji. Vergnet wind turbines are in use at existing wind 

farms in other Southwest Pacific island countries prone to tropical cyclones such as Samoa, 

Vanuatu and New Caledonia. 

3.3 Choice of the model 

The Weather Research and Forecasting (WRF) mesoscale model is the most commonly used 

model for mesoscale wind-resource modelling. Other reasons for the selection of the WRF 

model as the choice of the model are as follows: 

▪ It is a state-of-the-art numerical weather prediction model capable of simulating 

mesoscale atmospheric parameters.  

▪ It is a popular atmospheric research model with extensive literature available on its 

application to study atmospheric parameters at various scales of the atmosphere. 

▪ The code is open-source and freely available. 

▪ There is a dedicated online forum on it with a huge community of researchers to address 

user and technical issues with the model. 

▪ It is easy to use with limited programming knowledge. 

▪ It supports parallel computation. 

▪ It is well maintained and supported. 

▪ The model has been satisfactorily validated in atmospheric studies in the Northern 

hemisphere. 

▪ Training is provided on its use with guided tutorials for numerical weather prediction. 

The WRF model is used in this research to simulate the near surface wind flows to create high-

resolution long-term time-series mesoscale wind-resource data and mesoscale wind-resource 

maps for the SIDS of Fiji in the Southwest Pacific region. The simulations used to generate the 
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wind modelling results utilize the Advanced Research WRF (WRF-ARW) version 3.9.1.1 

released on 28 August 2017 in forecast mode for real-data case. Figure 3.7 shows a conceptual 

overview of the WRF model. 

 

Figure 3.7 Overview of the WRF model. 

3.4 Model and Simulation Set-up 

This study uses the Weather Research and Forecasting (WRF) model version 3.9.1.1 of the 

Advanced Research (ARW) solver (Skamarock et al., 2008; Wang et al., 2018). The dynamical 

downscaling method was used for running simulations, whereby coarse resolution output from 

an analysis using a General Circulation Models (GCMs) are used as initial and boundary 

conditions to drive a regional numerical model to simulate atmospheric parameters via nesting, 

considering the local conditions (Horvath et al., 2012; Foley et al., 2012; Hewitson & Crane, 

1996).  

The initial and boundary conditions for the SIDS of Fiji were obtained from 6-hourly NCEP-

FNL (Final) Operational Global Analysis data at 1° × 1° grid resolution 

(NCEP/NWS/NOAA/U.S. Department of Commerce, 2020). NCEP-FNL dataset has been 

used as source of initial and boundary conditions because it has all the data required for 

modelling in one individual file in comparison with any other dataset. And since one of the 

main purposes of this study was to create high-resolution wind resource data so an analyses 

dataset was required rather than a reanalyses dataset. The static fields for topography were 

obtained from USGS GMTED2010, land-water masks, land use/land cover classification and 

albedo etc. were obtained and interpolated from the 21-class MODIS and MODIS FPAR, all 
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these made available from the National Center for Atmospheric Research (NCAR) database, 

at a resolution of 30-arc-seconds (NCAR, 2020). Time varying sea surface temperatures (SSTs) 

were supplied to the model from NCEP-NOAA at 0.083° × 0.083° grid resolution (NCEP-

NOAA, 2020). 

3.4.1 Numerical Experiments 

Numerical experiments were conducted to obtain an optimal grid set-up that was able to 

simulate the surface winds and the diurnal cycle of wind speed adequately for the SIDS of Fiji. 

The numerical experiments include the performance evaluation of the initial grid-set up, grid 

sensitivity study, the optimal grid setup and the WRF-WAsP coupling.  

Table 3.2 presents the initial grid setup. The grid resolution was adopted from a study in French 

Polynesia (Hopuare & Perkins, 2017), even though a different methodology was applied. The 

spatial coverage and the number of grid cells in the west-east, south-north and the vertical 

directions differs from the study done in French Polynesia as both island countries are different 

in terms of size, geometry and topography. 

Table 3.2 Initial Grid Parameters 

Domain d01 d02 d03 

Spatial Coverage 2000 km × 2000 km 604 km × 604 km 397 km × 405 km 

Resolution 20 km × 20 km 4 km × 4 km 1.33 km × 1.33 km 

e_we 100 151 298 
e_sn 100 151 304 

e_vert 30 30 30 

 

The NCEP-FNL data were downscaled by the WRF model using three domains as shown in 

Figure 3.8. The outermost domain is denoted d01, the second d02 and the innermost is d03. 

The grid size for the domains is reduced by a factor of 5 from 20 km in d01 to 4 km in d02 and 

by a factor of 3 from 4 km in d02 to 1.33 km in d03. The 20 km – 4 km – 1.33 km nested grids 

have been used because the domain resolution has been tested previously (Hopuare & Perkins, 

2017).  

Simulations were performed in monthly segments on the New Zealand eScience Infrastructure 

(NeSI) High Performance Computer – Mahuika, for a simulation time of 3 days for each of the 

34 day monthly simulations. The first 6.35 hours of simulation, which is equivalent to 3 days, 

are considered to be spin-up time for the simulations and are excluded from the analysis.  

The dynamical downscaling method was applied to evaluate the capability of the WRF model 

in simulating the surface winds (10 m) and the diurnal cycle of wind speeds for the SIDS of 
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Fiji, for an austral summer and an austral winter month (Dayal et al., 2020a). This is done to 

evaluate if the model is able to simulate the surface winds and the diurnal cycle of wind speeds 

for two months of either season before longer simulations in the order 10 years can be 

simulated. 

Additional physics settings were used to attempt to correct the surface winds and the diurnal 

cycle of wind speed for January 2017 against ground-based measurements from AWSs. These 

included topo_wind = 0/1/2, ysu_topdown_pblmix = 1, Varsso = 30 arc seconds, changing the 

surface layer scheme from MM5 (sf_sfclay_physics = 91) to Modified MM5 

(sf_sfclay_physics = 1) and doubling surface roughness for the dominant land use categories. 

 

Figure 3.8 WRF initial domain setup for d01, d02 and d03. 

The surface roughness was doubled in an attempt to see if there is any improvement in the 

model mean wind speed and the diurnal cycle of wind speed. Doubling the surface roughness 

made the surface winds almost constant throughout the entire day with limited diurnal 

variation. This was done to see what effect each of the settings had on the surface winds and 

the diurnal cycle of wind speed and if these could improve the model results. Then, the most 

accurate settings were used to simulate the surface winds for July 2017. 
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The results of this study are presented in Chapter 6. 

3.4.2 Grid Sensitivity Study 

Table 3.3 presents the grid setup for the grid sensitivity study that was recommended by the 

previous study on performance evaluation (Dayal et al., 2020a). 

The NCEP-FNL data were downscaled by the WRF model for three additional sets of grid 

resolutions (d01 – d02 – d03): 20 km – 4 km – 1 km, 20 km – 4 km – 0.8 km and 15 km – 5 

km – 1 km (Dayal et al., 2020b). 

Table 3.3 Grid setups 

  Domain d01 d02 d03 

Set 1 Spatial Coverage 2000 km × 2000 km 604 km × 604 km 397 km × 405 km 

 Resolution 20 km × 20 km 4 km × 4 km 1.33 km × 1.33 km 

 e_we 100 151 298 

 e_sn 100 151 304 

Set 2 Spatial Coverage 2000 km × 2000 km 604 km × 604 km 201 km × 201 km 

 Resolution 20 km × 20 km 4 km × 4 km 1 km × 1 km 

 e_we 100 151 201 

 e_sn 100 151 201 

Set 3 Spatial Coverage 2000 km × 2000 km 604 km × 604 km 193 km × 193 km 

 Resolution 20 km × 20 km 4 km × 4 km 0.8 km × 0.8 km 

 e_we 100 151 241 

 e_sn 100 151 241 
Set 4 Spatial Coverage 1500 km × 1500 km 755 km × 755 km 401 km × 401 km 

 Resolution 15 km × 15 km 5 km × 5 km 1 km × 1 km 

 e_we 100 151 401 
  e_sn 100 151 401 

 

The number of grid cells in d01 and d02 is same for all the setups (but in set 4 it has a different 

grid resolution in comparison with the other setups while having the same number of grid cells). 

The number of grid cells in d03 varies. For grid set 2 and 3 the domain size is reduced to cover 

the island of Viti Levu only as shown in Figure 3.9. This was done to evaluate the grid 

sensitivity over a smaller area to save computational time. For grid set 4 a complete new set of 

domain configuration was tested that had approximately 100 extra grid cells in grid d03 to 

cover an almost equivalent spatial area over the islands, while d01 and d02 had the same 

number of grid cells as the other setups. 

This part of the numerical study aimed to apply the dynamical downscaling method to evaluate 

the extent to which an increase in the WRF model spatial resolution influences the wind speed 

and the diurnal cycle estimates. 

The results of this study are presented in Chapter 7. 
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Figure 3.9 WRF domain setup for d01, d02 and d03 for grid set 2. 

3.4.3 Optimal Grid Resolution 

For all the numerical experiments, the two-way nesting approach was applied for the parent-

child grid interaction whereby the flow of information goes from the coarser domains to the 

finer domains, with feedback from the inner domains. All domains are centred at a latitude of 

17.73 °S and longitude of 177.94 °E, which corresponds to the centre of Viti Levu using the 

Mercator projection as recommended for low latitudes (Skamarock et al., 2008; Wang et al., 

2018).  

The vertical spacing for all the grid sets for the three domains consist of 30 terrain-following 

vertical coordinates, including eight levels below 1 km, as meteorological parameters of 

interest are in the lower part of the atmosphere, close to the surface. A timestep of 10 seconds 

is used in grid d03 following a 3:1 parent-child grid timestep ratio to ensure numerical stability 

as recommended (Skamarock et al., 2008; Wang et al., 2018). The optimal choice of 15 km – 

5 km – 1 km nested grids follow the recommendation of the grid sensitivity study in keeping 

with the standard practice of using a 3:1 or 5:1 parent-grid ratio (Skamarock et al., 2008; Wang 

et al., 2018) as shown in Figure 3.10. 
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Figure 3.10 WRF optimal domain setup for d01, d02 and d03 for grid set 4. 

The tropical suite of the WRF physics parameterization scheme was used for the model physics 

options (Skamarock et al., 2008; Wang et al., 2018). The parameterization of deep convection 

was only used on the larger domains (d01 and d02), as the vertical fluxes due to convection 

updrafts and downdrafts and the compensating motion outside the clouds cannot be resolved 

explicitly at grid scales of 4/5 km and above (Skamarock et al., 2008; Wang et al., 2018). The 

remaining physics options are the same for all three domains as shown in Table 3.4. 

Simulations for the 10 years were performed in monthly segments on the New Zealand 

eScience Infrastructure (NeSI) High Performance Computer – Mahuika. The model was 

initiated from 3 days prior to the start of each month and these 3 days are the model spin-up 

time and are excluded from the analysis. The model is set to restart every 2 days to avoid model 

drift as recommended for longer simulations (Skamarock et al., 2008; Wang et al., 2018). Even 

though a period of one-year has been considered adequate to capture the diurnal and seasonal 

variations for wind resource assessment (Al-Yahyai et al., 2010), in our case, we use 10 years 
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of simulations to provide a long-term and a better representation of the diurnal and seasonal 

variations. The simulation results discussed are 1-hourly (WRF model output were written at 

1-hour intervals) 10-meter-elevation wind speed retrieved from the simulation on the innermost 

domain (d03) considering the grid cell containing the AWS as representative of the station.  

Table 3.4 Physics Parameterization Options used in the Model Simulations 

Physics Parameterization Options 

Long-wave radiation  RRTMG 

Short-wave radiation  RRTMG 

Microphysics  WRF Single-Moment 6-class 

Surface Layer  MM5 Similarity 

Planetary Boundary Layer Yonsei University  

Cumulus  New Tiedtke 

Land Surface Model Noah 

 

3.5 Model Validation and Analysis 

The validation of a numerical weather prediction (NWP) model can use methodologies that 

complement each other (Pielke Sr., 2002). Five statistical parameters are used for the model 

evaluation. The Root Mean Square Error (RMSE) was used:  

𝑅𝑀𝑆𝐸 = [
1

𝑁
∑ (𝑀𝑖 − 𝑂𝑖)

2
𝑁

𝑖=1
]

1
2

            (3.1)  

in which 𝑀𝑖 is the simulated variable, 𝑂𝑖 is the corresponding observed variable and N is the 

total number of simulation-observation pairs of values. 

The mean Bias was used for the evaluation of data tendency. A positive (negative) bias means 

the simulations overestimate (underestimate) the measured values: 

𝐵𝑖𝑎𝑠 =
1

𝑁
∑ (𝑀𝑖 − 𝑂𝑖)

𝑁

𝑖=1
                         (3.2) 

The Standard Deviation Error (STDE) was used to evaluate the dispersion of the error between 

the observed and the simulated data: 

𝑆𝑇𝐷𝐸 = [
1

𝑁
∑ (𝑀𝑖 − 𝑂𝑖)

2
𝑁

𝑖=1
− 𝐵𝑖𝑎𝑠2]

1
2

         (3.3) 
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Amongst the afore-mentioned statistical parameters, most focus is given to STDE, as even if a 

simulation has a high RMSE or Bias, if the STDE is low it means that the error is consistent 

and can be seen as an offset and denotes the simulation physics is correct. If the simulation has 

a high STDE, the simulations have less physical meaning, even with a relatively low RMSE or 

Bias (Hong & Kanamitsu, 2014; Carvalho et al., 2012). The RMSE, Bias and STDE are used 

to evaluate the hourly-simulated wind speed against the observed wind speed. 

Surface wind speed distribution can be approximated by a Weibull distribution (Mathew, 2006; 

Manwell et al., 2009), and this Weibull distribution fitting is therefore used to evaluate the 

model-simulated wind distributions against observed wind distributions. The Weibull 

distribution is a two-parameter function, mathematically represented by 𝑓(𝑢) while the 

cumulative distribution function is represented by 𝐹(𝑢): 

𝑓(𝑢) =  
𝑘

𝐴
 (

𝑢

𝐴
)

𝑘−1

𝑒−(
𝑢
𝐴

)
𝑘

                (3.4) 

𝐹(𝑢) = 1 − 𝑒−(
𝑢
𝐴

)
𝑘

,                           (3.5) 

where u is the reference wind speed at the height of measurement, 𝑘 the non-dimensional shape 

parameter, and 𝐴 the scale parameter whose dimensions coincide with that of 𝑢 (m/s). 

𝑘, 𝐴, 𝑢 > 0. The Weibull distribution function of wind speed is represented with an estimated 

Weibull 𝐴 parameter, which indicates on average how windy the site is, the Weibull shape 

parameter 𝑘 which indicates how peaked the distribution is. The model and the measured 

Weibull 𝐴 and 𝑘 parameters are used for comparison. 

The Pearson correlation coefficient is used to evaluate the diurnal cycle of wind speed and the 

Weibull probability distribution functions (PDFs). The Pearson correlation coefficient is a 

statistical measure that quantifies the strength of the relationship between the relative variation 

of two variables; in our case, the simulated and the measured yearly averaged diurnal values 

and the Weibull parameter values. 

From the WRF output data, hourly time series values were extracted, compared and validated 

against 3 years of ground-based observations at 10 m height from 24 Automatic Weather 

Stations (AWSs) in Fiji.  

3.6 Resource Maps  

The 10-year 1 km × 1 km model simulation results from domain 3 (d03) were used to generate 

the long-term mean wind speed, long-term seasonal mean wind speed and long-term mean 

wind power density resource maps at 34-m, 55-m, 80-m and 100-m elevations. The wind 
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resource maps at 34-m, 55-m, 80-m and 100-m have been plotted using WRF simulation data 

at those model levels. These elevations are equivalent to the typical wind turbine hub-heights 

of applicable wind turbines. This was done to assist in identifying potential wind resource sites 

that can be further investigated for utility-scale wind power applications.  

3.7 Interannual Wind Speed Variability 

The interannual wind speed anomalies were also calculated by subtracting the measured long-

term mean wind speed from the model annual mean wind speed for individual stations for 10-

years. They can be plotted to study the variation of the modelled and the measured wind speeds 

from year to year. 

3.8 Parallel Computation  

All the simulations for this research have been performed on the New Zealand eScience 

Infrastructure (NeSI) High Performance Computer (HPC) – Mahuika. Approximately 1.4 

million CPU core hours were allocated for this project over a period of two and half years from 

initial testing to the major simulations and post-processing.  

In order to efficiently utilize the available processing resource, a number of scaling tests were 

conducted in terms of number of Nodes, CPU cores, simulation time and the memory required 

to simulate a test case of 1-day simulations. Table 3.5 presents the summary of the scaling tests 

performed. Figures 3.11 and 3.12 show the plots of the memory utilization against the number 

of computing cores and the simulation time against cores, respectively. 

Table 3.5. WRF Model Scaling Tests 

Nodes CPU Cores Simulation Time (Minutes) Memory (MB) 

1 12 253 865 

1 24 146 597 

1 36 110 474 
2 72 80 366 

3 108 163 342 

4 144 303 331 
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Figure 3.11 Memory versus number of CPU cores. 

 

Figure 3.12 Time versus number of CPU cores. 

The optimal NeSI HPC configuration for running the WRF simulations was using 2 Nodes 

with 72 CPU cores as the simulation of 1 day was completed in 80 minutes (simulation time) 

using a memory of 366 MB.  

3.9 Study Limitations 

The following limitations are outlined for this research. 

For the wind resource assessment and energy potential of selected locations in Fiji: 

▪ the results are based on the extrapolation of the 10-metre elevation ground-based 

measured wind data available from 30 AWSs in Fiji using WAsP. 

▪ the results may improve: 

➢ if ground-based wind data measurements from a higher height are used in the 

WAsP modelling. 

➢ if higher resolution terrain (< 90 m × 90 m) data map is used for micro-siting. 
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For the analysis of the Butoni wind farm in Fiji: 

▪ the results are based on the 10-metre elevation wind data measurements from a nearby 

AWS. 

▪ the results may improve: 

➢ if ground-based measured wind data at 10-metre elevation or higher from within 

the Butoni wind farm are used in the WAsP modelling. 

➢ if higher resolution terrain (< 90 m × 90 m) and land roughness (< 300 m × 300 

m) data maps are used for micro-siting. 

For the WRF model evaluation, sensitivity study and the recent decade mesoscale wind 

resource modelling of Fiji: 

▪ the results are based on the specific initial and boundary conditions data, static data, 

SST data and the WRF model version 3.9.1.1 set up as mentioned in section 3.4 Model 

and Simulation Set-up. 

▪ the model validation is based on the 10-metre elevation ground-based wind data from 

24 AWSs. 

▪ the results may improve: 

➢ if the WRF model is run with a medium/higher resolution general circulation 

model data (< 1 deg. × 1 deg.), static data of higher resolution (< 30-arc-

seconds) and SST data of higher resolution (< 0.083° × 0.083°). 

➢ if the model is validated with ground-based wind data measurements from a 

higher height. 

➢ if any other physics parameterization schemes are used other than those in the 

Tropical Suite. 

For the mesoscale-microscale (WRF-WAsP) coupling: 

▪ the coupling evaluation results are based on the 10-metre elevation WRF and ground-

based wind data measurements at 24 AWS locations in Fiji. 

▪ the results may improve: 

➢ if WRF and ground-based wind data measurements from a higher elevation are 

used for the evaluation.  

▪ the evaluation of the potential of wind energy to support utility-scale wind power 

applications are based on the decade-long (2009 – 2018) 10-metre elevation WRF 

model data extrapolated at the 36 potential wind resource sites using WAsP. 
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▪ the results may improve: 

➢ if WRF model wind data at higher elevations are used in the WAsP modelling. 

➢ if higher resolution terrain (< 90 m × 90 m) and land roughness (< 300 m × 300 

m) data maps are used for micro-siting. 
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Chapter 4 Wind Resource Assessment and Energy 

Potential of Selected Locations in Fiji 

 

 

 

This chapter summarizes an assessment of the wind resource at selected locations in Fiji for 

the potential of future utility-scale wind-power development. We use 2 - 8 years of near surface 

wind observations (2011 – 2018) from thirty automatic weather stations. The standard wind-

industry software, WAsP is used to simulate the wind resource in terms of mean wind speed, 

dominant wind direction, power density and annual energy production (AEP) using a Vergnet 

275-kW wind turbine. Our analysis identifies three sites: Rakiraki, Nabouwalu and Udu, which 

should be considered for a future comprehensive resource assessment for utility-scale wind-

power development once further wind resource data is available. High-resolution resource 

maps for each wind resource parameter at a horizontal resolution of 50 m are produced for 

6 km × 6 km domains around these sites. Rakiraki, Nabouwalu and Udu have average wind 

speeds of 7.6 m/s, 7.1 m/s and 7.0 m/s, with an average power density of 401 W/m2, 512 W/m2 

and 294 W/m2, and a potential average AEP of 0.91 GWh, 0.80 GWh and 0.72 GWh at 55 m 

AGL, respectively. The dominant wind direction is southeasterly. Modelling a 10 MW wind 

farm at each site yields a net AEP of 43 GWh, 42 GWh and 37 GWh for Rakiraki, Nabouwalu 

and Udu, respectively with capacity factors of 0.42 – 0.48 and wind farm efficiencies of 97 – 

98 %.   
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4.1 Introduction 

Wind energy plays an integral role in providing environmentally friendly, renewable electrical 

energy in many developed and developing countries around the globe. In the year 2018, the 

worldwide installed capacity of wind energy grew to 591 GW from 59 GW in 2005 (REN21, 

2019; GWEC, 2019). This growth is by an order of magnitude, which highlights the global 

move towards clean energy from traditional fossil fuel-based power generation. It is likely that 

wind energy will continue with this steady growth in the near future (REN21, 2019; GWEC, 

2019). Consequently, new resource assessments, construction permits, and developments are 

currently underway in many countries (REN21, 2019; GWEC, 2019).  

Wind resource assessment is fundamental to determine whether a particular site or region has 

potential for installing an economically viable wind farm (Mathew, 2006; Manwell et al., 

2009). An assessment of the wind characteristics is vital in terms of the average wind speed, 

dominant wind direction, wind distribution, diurnal and annual wind speed patterns, wind shear 

coefficient, turbulence intensity, wind power density, potential annual energy production from 

a turbine and appropriate wind availability in terms of usable wind for generating electricity 

using wind turbines, amongst other factors (Mathew, 2006; Manwell et al., 2009).  

A number of methods can be employed for wind resource assessment, from the traditional 

method of setting up a mast with anemometers and wind vanes at different heights, to the use 

of reanalysis datasets and satellite estimates, as well as the latest technology of using SODAR 

and LIDAR (Mathew, 2006; Manwell et al., 2009). For a preliminary understanding of the 

wind characteristics and the energy potential for a site, at least one full year of ground-based 

measured wind data is necessary (Mathew, 2006; Manwell et al., 2009).  

Small developing countries with limited financial resources face numerous challenges in 

setting up masts specifically for wind-resource monitoring, thus the long time series of ground-

based wind measurements from existing meteorological stations provide an opportunity to 

estimate the wind-resource parameters.  

Fiji is a small island developing state (SIDS) located in the South-West Pacific Ocean between 

the latitudes of 12 °S - 22 °S and longitudes of 177 °E – 178 °W. There are more than 332 

islands with a total land area of 18,333-km2 spread out over a sea surface area of 1.3 million 

km2. One-third (110) of these islands are inhabited. Around 87 % of the total land area is taken-

up by the two largest islands of Viti Levu (10,400 km2) and Vanua Levu (5,540 km2). The 

islands are of volcanic origin, mountainous and with maximum peaks of around 1300 m.   
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Fiji is located on the margin of the South Pacific Convergence Zone (SPCZ), a rainy region 

that extends southeastward from the equatorial west Pacific (Sturman & McGowan, 2013). As 

a result, Fiji has a tropical marine climate with a dry, cool season in austral winter when the 

SPCZ is small and weak, and a warm, wet season in austral summer when the SPCZ expands 

and intensifies. In terms of wind, Fiji is in the region of southeasterly trade winds. The stable, 

regular breeze power the existing wind turbines. Additionally, Fijian coasts experience a strong 

diurnal cycle of land-sea breeze circulation. 

The Fiji Department of Energy manages the off-grid electrification on the islands. Fiji targets 

to produce 100 % electricity from renewable energy resources by 2030 (EFL, 2018; 

Government of Fiji, 2015). Energy Fiji Limited (EFL) is a corporate statutory body responsible 

for electricity generation, transmission and distribution to the majority of the population in Fiji 

(EFL, 2018). Currently, EFL has about 90 % of the total population of 884,887 connected to 

its electricity grid network with a target of connecting 100 % population by 2030 (EFL, 2018). 

The EFL grid network supplies electricity to Viti Levu, Vanua Levu, Ovalau and Taveuni only, 

whereby the overall peak load fluctuates from 80 – 180 MW (EFL, 2018). Hydropower and 

the conventional power plants support the base load while other sources provide support on an 

intermittent basis. Other islands are dependent on diesel generators, solar home systems, micro-

hydro systems and biofuel-based power generation.  

Electricity generation in Fiji is from numerous sources including hydro, industrial diesel, heavy 

fuel oil, biomass and wind (EFL, 2018). From the most recent statistics in 2018, these sources 

generated 1032.94 GWh of electricity in total with 59 % (609 GWh) from renewable and 41 % 

(423.7 GWh) from conventional power plants. The hydropower plants contributed 54.9 % 

(566.7 GWh); independent power producers contributed 3.9 % (39.94 GWh) and 0.25 % (2.6 

GWh) was contributed from wind (EFL, 2018). Six hydropower stations are connected to the 

electricity grid network with a total installed capacity of 131 MW, several industrial diesel and 

heavy fuel oil power plants with a total installed capacity of 147 MW, a 10 MW wind farm and 

around 40 MW of biomass fired co-generation power plants operated by Independent Power 

Producers (IPPs) (EFL, 2018).  

Fiji has a 10 MW onshore wind farm located on the Butoni hills in Sigatoka on Viti Levu. It 

consists of 37 × 275-kW Vergnet wind turbines, which operate at an annual average wind 

speed of 5.47 m/s at a hub height of 55 m (EFL, 2018).  
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The Fiji Department of Energy has carried out a number of wind measurements over time with 

the aim to assist in electrification of rural inland regions and the outer islands where there is no 

grid access (Fiji Department of Energy, 2019). Some researchers have used these 

measurements to assess the potential of wind energy in a few locations (Singh, 2015; Kumar 

& Nair, 2014; Kumar & Nair, 2013; Kumar & Nair, 2012), but the data has not gone through 

a proper quality-control process and some of it lacks consistency. It was reported via the 

analysis done using the Wind Atlas Analysis and Application Program (WAsP) that average 

yearly wind speeds for Fiji is between 5 to 6 m/s with an average power density of 160 W/m2 

(Kumar & Prasad, 2010). Others have measured the wind parameters by setting up masts 

funded via international donor agencies such as KOICA (Gosai, 2015; Pratap, 2016; Sharma 

& Ahmed, 2016). Similar studies have been performed in other regions such as Mexico 

(Carrasco-Díaz et al., 2015), Kiribati (Aukitino et al., 2017) and Brazil (Lima & Filho, 2010), 

using WAsP. WAsP is a common tool for wind resource assessment and estimation of energy 

production from selected wind turbines for microsite locations in the range of 5 – 15 km. New 

wind resource knowledge has been created even though it has not yet led to any new wind farm 

installations in the areas studied (Kumar & Prasad, 2010; Gosai, 2015; Pratap, 2016; Sharma 

& Ahmed, 2016; Carrasco-Díaz et al., 2015; Aukitino et al., 2017; Lima & Filho, 2010). This 

can be useful for future wind energy planning and development.  

In the Fiji Group, the wind resources for the remote island of Kadavu and the urban Suva 

Peninsula have been previously analysed using WAsP (Sharma & Ahmed, 2016). A wind 

resource map developed at a height of 34 m for both sites, earmarked locations for future wind-

farm development. It was reported that the overall wind speed in these regions is 3.5 - 6.4 m/s 

at heights of 20 – 34 m above ground level (AGL), predominantly south-easterly. The wind 

speed was categorised as being in the low-medium wind speed regime, which is suitable for 

small-medium scale wind turbines like the Vestas V27 225-kW. The analysis indicated 

promising wind-power development potential for the windward side of the Kadavu ridge in the 

eastern region with an average net AEP of around 650 MWh and for Laucala Bay (Suva 

Peninsula) with an average net AEP around 400 - 500 MWh (Sharma & Ahmed, 2016). Onsite 

measurement analysis of Laucala Bay showed a prevailing south-easterly wind direction with 

a mean wind speed of 5.03 m/s and a power density of 131 W/m2 at 55 m AGL, corresponding 

to an average energy output of 344 MWh for a 275-kW Vergnet wind turbine (Kumar & Prasad, 

2010). 
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In addition, the wind quality and power availability for the two major islands in Fiji were 

examined using NASA’s MERRA reanalysis at a height of 50 m (Kumar & Prasad, 2010). A 

comparison of modelled wind speed with ground-based measurement for Laucala Bay showed 

that the MERRA dataset overestimated wind speeds by more than 25 %. This shows that 

reanalysis may be unsuitable for assessment in the vicinity of an island because it is produced 

by a general circulation model, and the spatial resolution was too coarse to properly represent 

the details of the island’s geography.  

Satellite estimates from WindPRO database were also utilized for offshore wind resource 

assessment of Bligh Waters, north of Viti Levu (Dayal, 2015). The mean wind speeds and the 

power density for these studies (Singh, 2015; Kumar & Nair, 2014; Kumar & Nair, 2013; 

Kumar & Nair, 2012; Kumar & Prasad, 2010; Gosai, 2015; Pratap, 2016; Sharma & Ahmed, 

2016; Dayal, 2015) were found to range from 4.6 m/s and 160 W/m2 respectively, at 10 m of 

altitude to 10.8 m/s and 1128 W/m2 at 55 m. These correspond to a low-to-medium wind speed 

regime that is suitable for small to medium-scale wind turbines.  

In summary, only a few studies and only a few locations have been considered to date in Fiji. 

Consequently, the wind resource potential across the Fiji Group is mostly unknown, thus this 

study aims to carry out a wind-resource assessment of selected locations, across the Fiji Group, 

where automatic weather stations (AWSs) provide long-term measurements of near surface 

wind. The analysis evaluates the wind characteristics in terms of mean wind speed, dominant 

wind direction, mean power density, diurnal and annual wind speed patterns, average wind 

shear coefficient and the energy potential via resource mapping of a 275-kW Vergnet wind 

turbine using WAsP analysis. In addition, the potential for future utility-scale wind power 

development is assessed. Section 4.2 of this work provides background material, section 4.3 

describes the methodology, and the results are presented in section 4.4 then discussed in section 

4.5. The conclusions are presented in section 4.6. 

4.2 Background 

This section contains all the mathematical definitions of the wind parameters computed by 

WAsP together with the wind shear coefficient and the capacity factor computation (Mortensen 

et al., 2014). 
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4.2.1 Weibull Distribution 

In most places, surface wind speed distribution is well approximated by a Weibull distribution 

(Mathew, 2006; Manwell et al., 2009; Mortensen et al., 2014). The Weibull distribution fitting 

is therefore the method most commonly used in wind energy studies to obtain a smooth 

distribution despite under-sampling of wind speed due to limited observation periods. The 

Weibull distribution is a two-parameter function, mathematically represented by 𝑓(𝑢) while 

the cumulative distribution function is represented by 𝐹(𝑢): 

𝑓(𝑢) =  
𝑘

𝐴
 (

𝑢

𝐴
)

𝑘−1

𝑒−(
𝑢
𝐴

)
𝑘

                (4.1) 

𝐹(𝑢) = 1 − 𝑒−(
𝑢
𝐴

)
𝑘

,                           (4.2) 

where u is the reference wind speed at the height of measurement, 𝑘 the non-dimensional shape 

parameter, and 𝐴 the scale parameter whose dimensions coincides with that of u (m/s). 

𝑘, 𝐴, 𝑢 > 0. In the observed wind climate analysis of WAsP, the Weibull distribution function 

of wind speed is represented with an estimated Weibull 𝐴 parameter which indicates on average 

how windy the site is, the Weibull shape parameter 𝑘 which indicates how peaked the 

distribution is, Weibull mean 𝑈 which indicates the long-term mean wind speed and P which 

indicates the available power density at the sites.  

4.2.2 Power and Energy Production from a Wind Turbine 

The power production 𝑃 (in units of 𝑊) from a wind turbine is estimated using the wind turbine 

power curve 𝑝(𝑢) and the probability density function of the wind speed at the hub height of 

the wind turbine as follows: 

𝑃 = ∫ 𝑓(𝑢) 𝑝(𝑢)𝑑𝑢
∞

0
.                    (4.3)        

The annual energy output from a wind turbine E (in units of Wh) is estimated using the product 

of the wind power production with the time and the efficiency as follows: 

𝐸 = 𝜂𝑇 ∫ 𝑓(𝑢) 𝑝(𝑢)𝑑𝑢
∞

0
,             (4.4)        

where 𝑢 is the wind speed at the hub height in m s−1, 𝑇 is the number of hours in one year and 

𝜂 is the efficiency of the wind turbine. 

4.2.3 Wind Speed calculation using WAsP 

WAsP is a linear wind simulation model and takes into account the following factors when 

calculating wind speed: 

1. The geostrophic balance, where the geostrophic drag law gives the geostrophic wind ‘G’: 
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G =  
𝑈∗

𝐾
 √[𝑙𝑛

𝑈∗

𝐹𝑧0
− 𝒜(𝜇)]

2

+ 𝐵2(𝜇) ,    (4.5) 

where 𝒜, 𝐵 are dimensionless functions of stability, 𝑈∗ is the friction velocity, 𝐾 is the von 

Karman’s constant (= 0.4), 𝑧0 is the surface roughness length and 𝐹 is the Coriolis parameter. 

2. The modified logarithmic wind profile. 

𝑢(𝑧) =
𝑈∗

𝐾
(𝑙𝑛

𝑧

𝑧0
−  𝜓 (

𝑧

𝐿
))                 (4.6) 

where 𝑢(𝑧) is the wind speed at height 𝑧, 𝜓 is the stability dependent function which is positive 

for unstable and negative for stable conditions and 𝐿 is the Monin-Obukhov Length (Mortensen 

et al., 2014). 

3. A specific (but uniform) stability, roughness variations and height variations. 

4.2.4 Vertical Profile of Wind Speed and Wind Shear 

A power law or a log law are often used to describe the wind profile near the surface and are 

commonly used to model the vertical profile of wind speed over regions of homogeneous, flat 

terrain and prairies. The two laws are: 

𝑢(𝑧) =  
𝑈∗

𝐾
𝑙𝑛 (

𝑧

𝑧0
)                          (4.7) 

𝑢(𝑧)

𝑢(𝑧𝑟)
= (

𝑧

𝑧𝑟
)

𝛼

,                                 (4.8) 

where 𝑢(𝑧𝑟) is the reference wind speed at height 𝑧𝑟 and ∝ is the power law exponent or the 

wind shear coefficient.  

The wind shear is the vertical variation of wind speed with height. It results from the surface 

drag which slows down the wind at the surface. It depends on how the effect of this drag is 

transported upwards by turbulence, and in particular on the surface roughness, which 

modulates turbulence. It is an important parameter not only for power production from wind 

turbines, but also for aerodynamic loadings on the wind turbine blades. The wind shear 

coefficient can be computed using known wind speeds at two heights, as in equation (4.9): 

∝ =  
𝑙𝑛 (

𝑢(𝑧)
𝑢(𝑧𝑟))

𝑙𝑛 (
𝑧
𝑧𝑟

)
                             (4.9)    
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4.2.5 Capacity Factor  

The capacity factor (CF) is the ratio of the actual energy output (𝐸𝑇) produced by a wind power 

system to the output that would have been generated if the system operated full-time at its full 

rated power (𝑃𝑅) over a given time period (𝑇). The dimensionless CF is given by: 

𝐶𝐹 =  
𝐸𝑇

𝑃𝑅𝑇
                           (4.10) 

4.3 Methodology 

Fiji Meteorological Services (FMS) provided wind data for all Automatic Weather Stations 

(AWSs) in Fiji, since their installation. This wind data is for periods of between 2 and 8 years 

from 2011 to 2018 for this study. Thirty AWSs average wind speed and wind direction datasets 

were recorded using mechanical anemometers and wind vanes. The anemometer used to 

measure wind speed at the 30 AWSs is Vector A100M, which has a range of 0 to 75 m/s, 

resolution of 0.1 m, accuracy of 1 % of readings between 10 and 55 m/s, 2 % above 55 m/s, 

0.1 m/s for 0.1 to 10 m/s and threshold of 0.15 m/s. The wind vane used to measure wind 

direction at the 30 AWSs is Vector W200P, which has a range of 0 to 360° degrees, distance 

constant of 2.3 m, accuracy of ±3° and threshold of 0.6 m/s. Twenty-nine AWSs record wind 

measurements at a height of 10 m above ground while one station records at 5 m. The altitudes 

of the AWSs range from 2 m to 791 m above sea level. The temporal resolution of the wind 

data ranges from 10 minutes to 3 hours.  

Figure 4.1 shows a map of Fiji with the locations of the thirty stations, and Table 4.1 shows 

station details in terms of their latitude, longitude, altitude, observation periods and the total 

number of observations and data availability of these locations. Fourteen stations are located 

around Viti Levu (Keiyasi, Korolevu, Lomaivuna, Momi, Nadarivatu, Nadi, Nausori, Rakiraki, 

Rarawai, RKS Lovoni, Sigatoka, Suva, Tokotoko and Yaqara), six located around Vanua Levu 

(Labasa, Nabouwalu, Saqani, Seaqaqa, Wainikoro and Udu) and the remaining ten are located 

on outer islands (Koro, Lakeba, Levuka, Matuku, Ono-I-Lau, Rotuma, Vanuabalavu, Viwa, 

Vunisea and Yasawa-I-Rara). Almost all the sites have a data availability of more than 75 % 

over the study period except Nabouwalu that has 27 % data availability. All the sites have data 

records at 10-minutes intervals except Nabouwalu that records the data at 3-hour intervals.  
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Figure 4.1 Map of Fiji showing the locations of the 30 AWSs (Original Map Source: 

Google Earth). 

Our study utilizes WAsP Climate Analyst 3.1 with observed wind climatology as input, WAsP 

Map Editor 12.1 for topography and land roughness maps and WAsP 12.1 for mean wind 

speed, power density, and annual energy production analysis. WAsP is a PC-based wind 

simulation software, developed and distributed by researchers within the Department of Wind 

Energy of the Denmark Technical University (formerly known as the Risø Laboratory) 

(Mortensen et al., 2014). It is a standard wind resource assessment, siting, and energy-yield 

calculation tool used in the wind-power industry and in scientific research. It produces spatial 

patterns of wind and mapping of wind resources by extrapolation of wind data. The accuracy 

of the predictions are subject to the assumption that there is the same overall weather regime 

for the reference and predicted sites, the weather conditions are close to neutrally stable, the 

reference wind data is reliable, the surrounding terrain is sufficiently gentle and smooth, and 

the topographical inputs are adequate and reliable (Mortensen et al., 2014). 

WAsP Climate Analyst 3.1 generated an estimate of the wind climatology for all 30 locations 

using the raw data provided by FMS. It uses average hourly data for the analysis, and since 
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Nabouwalu has records every 3 hours, WAsP regarded the hourly data as missing. This is one 

of the reasons for the lower percentage availability in comparison to the other locations. The 

data at Nabouwalu are also 10-minute averages of wind measurements but they are recorded 

as an average every 3 hours. 

Table 4.1 Location and Data Records for the 30 AWSs 

Station 
Latitude 
(degrees) 

Longitude 
(degrees)  

Height 
(m) 

Elevation 
 (m) Data Period 

# of 
Records Availability 

Keiyasi -17.879 177.755 10 89.8 2015 - 2018 206458 97.11% 

Koro Is -17.345 179.418 10 108.8 2014 - 2018 276573 99.75% 

Korolevu  -18.212 177.730 10 25.7 2015 - 2018 184615 77.45% 

Labasa  -16.433 179.400 10 8.5 2016 - 2018 154081 94.02% 

Lakeba -18.236 -178.804 10 8.9 2012 - 2018 347776 90.55% 

Levuka -17.640 178.818 10 41.5 2015 - 2018 209922 99.77% 

Lomaivuna -17.871 178.360 10 122.1 2014 - 2018 262525 92.76% 

Matuku -19.126 179.738 10 15.1 2012 - 2018 349434 91.12% 

Momi  -17.895 177.266 10 43.8 2015 - 2018 225886 97.24% 

Nabouwalu -16.993 178.689 5 25.3 2013 - 2017 13684 27.27% 

Nadarivatu -17.567 177.963 10 824.1 2014 - 2018 276248 97.25% 

Nadi -17.759 177.444 10 20.7 2013 - 2018 278708 98.86% 

Nausori -18.046 178.559 10 5.7 2013 - 2017 43815 98.20% 

Ono-I-Lau -20.655 -178.720 10 18.2 2012 - 2018 383119 99.83% 

Rakiraki  -17.340 178.221 10 8.1 2013 –2018 320194 97.30% 

Rarawai -17.556 177.681 10 9.3 2011 - 2018 397017 92.10% 

RKS Lovoni -17.726 178.555 10 17.1 2014 –2018 275930 97.60% 

Rotuma -12.499 177.046 10 22.1 2014 –2018 204793 89.33% 

Saqani -16.474 179.708 10 30 2016 - 2018 158452 97.60% 

Seaqaqa -16.475 179.157 10 101.8 2016 - 2018 155983 90.67% 

Sigatoka -18.142 177.503 10 6.7 2013 - 2018 286189 89.39% 

Suva -18.147 178.453 10 6.6 2015 - 2017 1048575 95.58% 

Tokotoko -18.218 178.170 10 4.9 2013 - 2018 426425 98.99% 

Udu  -16.141 -179.994 10 43.7 2013 - 2018 325924 98.95% 

Vanuabalavu  -17.241 -178.952 10 66.1 2012 - 2018 297033 76.81% 

Viwa -17.149 176.911 10 2 2013 - 2018 294573 88.38% 

Vunisea -19.046 178.165 10 31.9 2014 - 2018 257896 96.79% 

Wainikoro -16.304 179.558 10 15.1 2016 - 2018 152692 88.96% 

Yaqara -17.433 177.977 10 20 2014 - 2018 284646 99.92% 

Yasawa -16.698 177.574 10 40 2013 - 2018 295182 89.30% 

 

The estimated wind climatology is presented sector wise in the form of a wind rose and a 

Weibull distribution function. The wind rose indicates the relative frequency of occurrence of 

wind direction grouped in 12 sectors. The annual value of the Weibull parameters from the real 

data for the available years was calculated using the WAsP Weibull method (Mortensen et al., 
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2014). Equation (4.9), which comes from the power law, computes the wind shear coefficient 

α using the average wind speeds at 10 m and 55 m above ground level (AGL) as the reference 

and calculation height for wind shear coefficient respectively. These elevations have been used 

because WAsP processed the 10 m wind speed from AWSs and WAsP modelled the wind 

speed at 55 m AGL, and measurements are not available at any other heights. 

The topography and land roughness maps for the 30 locations were generated on the WAsP 

Map Editor 12.1. The topography maps were imported from the SRTM ver.2 Database 

(http://dds.cr.usgs.gov/srtm/version2_1/SRTM3) at a horizontal resolution of 3 arc seconds 

(about 90 m). A land roughness of 0.03 at a height of 10 m was used in the topography map 

aided with additional 4 to 5 roughness line changes from 0.03 – 1.5 via digitizing by closely 

studying the land roughness of the sites using Google Earth. This completed the land roughness 

maps in the WAsP Map Editor for a 6 km × 6 km grid, for each location.  

WAsP 12.1 was then used to analyse all sites for their wind energy resource in terms of mean 

wind speed, power density, orography, and the AEP using a Vergnet 275-kW wind turbine on 

a resource grid of 6 km × 6 km at a height of 55 m AGL. The obstacles and sheltering effects 

from nearby vegetation and buildings were taken into account in the WAsP analysis. To 

consider the impact of air density in the wind energy calculation, the WAsP model uses the 

WAsP Air Density Calculator to calculate the air density (kg/m3) as a function of altitude 

(elevation in meters above sea level) and mean air temperature at the same altitude. A lapse 

rate of 6.5 K/km and a sea level pressure of 1013.25 hPa are assumed and the estimate is based 

on a standard atmosphere. High-resolution micro-scale resource maps for the resource grid of 

6 km × 6 km at 50 m horizontal resolution was developed for each resource parameter. Finally, 

locations with the potential for supporting future utility-scale wind power development were 

identified and an evaluation of the minimum installed capacity and the corresponding energy 

production using Vergnet 275-kW wind turbines were computed using WAsP 12.1. 

The Vergnet 275-kW wind turbine has been selected for this study as these turbines can be 

lowered to the ground and secured in place during extreme wind conditions, such as tropical 

cyclones, which are not uncommon in Fiji. Vergnet wind turbines are in use at an existing wind 

farm in Fiji and in other Southwest Pacific island countries prone to tropical cyclones such as 

Samoa, Vanuatu and New Caledonia. Table 4.2 presents the specifications of the Vergnet 275-

kW wind turbine.  

 

http://dds.cr.usgs.gov/srtm/version2_1/SRTM3
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Table 4.2 Vergnet 275-kW turbine specifications 

Rotor 

Diameter 

Hub 

Height 

Cut-in 

speed 

Cut-out 

speed 

Rotation 

rate 

Rated 

Power 

Rated wind 

speed 

32 m 55 m 3.5 m/s  25 m/s 31 rpm 275-kW 12 m/s 

 

Figures 4.2 – 4.4 present the elevation maps with respective roughness changes incorporated 

for the three potential sites of Rakiraki, Nabouwalu and Udu respectively with a contour 

interval of 10 m. The elevation for the three sites varies from sea level to 250 m, 530 m and 

160 m with an average of 23.6 m, 163.8 and 15.7 m respectively.  

 

Figure 4.2 Topography and elevation map of Rakiraki (x denotes the location of the 

AWS). 
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Figure 4.3 Topography and elevation map of Nabouwalu (x denotes the location of the 

AWS). 

 

Figure 4.4 Topography and elevation map of Udu (x denotes the location of the AWS). 
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4.3.1 Resource Maps 

Resource maps are generated using WAsP on a 6 km × 6 km domain each, for the 

surroundings of Rakiraki, Nabouwalu and Udu AWSs, which have been identified as suitable 

for potential wind power sites. The mean wind speed is the first important parameter in 

determining whether a particular site has potential wind speed resource to rotate a site-specific 

wind turbine to generate electricity to feed into an electrical grid network. The wind power 

density is the second most important parameter in determining whether a particular site has 

potential wind power resource in terms of the available power in the wind. The annual energy 

production is another important parameter in determining whether a particular site has potential 

wind energy resource for a specific wind turbine placed at any location within the resource 

grid. Wind speed and wind power density in the range of Class 3 or higher and AEP of 0.5 

GWh/year or higher are considered feasible for utility-scale wind power development 

(Manwell et al., 2009; NREL, 2020; Liu et al., 2014).  

 

4.4 Results 

This section presents the results as follows: wind speed frequency, wind direction and wind 

speed patterns. In addition, there is a more detailed analysis of the three sites with the potential 

for future utility-scale wind power development.  

4.4.1 Wind Speed Frequency and Wind Direction 

The wind speed frequency and direction distributions provide site-specific information on wind 

resources, in particular the average power density available at the height of measurement. 

Figures 4.5 (a) – (c) show the wind speed frequency distribution and the wind direction analysis 

of the 3 suitable AWS sites. As for the other sites, it is provided in the form of supplementary 

data in Appendix A. 

The mean wind speed is 5.01 m/s at Nabouwalu at a height of 5 m, 6.31 m/s and 5.45 m/s at 

Rakiraki and Udu respectively, at a height of 10 m. Wind direction is dominated by the 

southeasterly trade winds. In addition, the wind rose also shows wind direction in other sectors 

caused by island-scale circulation as well as local sheltering effects from nearby buildings and 

vegetation.  
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Figure 4.5 (a) Wind rose and wind speed frequency distribution at Nabouwalu at 5 m 

AGL. 

 

Figure 4.5 (b) Wind rose and wind speed frequency distribution at Rakiraki at 10 m 

AGL. 

 

Figure 4.5 (c) Wind rose and wind speed frequency distribution at Udu at 10 m AGL. 
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The Weibull 𝐴 parameter is 5.6 m/s at Nabouwalu at a height of 5 m, and 7.1 m/s and 6.1 m/s 

at Rakiraki and Udu respectively, at a height of 10 m. A lower Weibull 𝐴 parameter means 

lower mean wind speed at a site, while a higher Weibull 𝐴 parameter means higher mean wind 

speed at a site. A higher Weibull 𝑘 parameter also indicates an increase in the dispersion of 

wind around the mean wind speed (Mathew, 2006; Manwell et al., 2009). The Weibull 𝐴 

parameter observed at all 3 sites are considered higher. The Weibull shape parameter 𝑘 is 1.91 

at Nabouwalu at a height of 5 m, and 2.53 and 2.49 at Rakiraki and Udu respectively, at a 

height of 10 m. A lower Weibull shape parameter 𝑘 (of 1.5 or 2) indicates a greater deviation 

away from the mean wind speed, while a higher Weibull shape parameter 𝑘 (> 2.5) indicates 

that the variation of mean wind speed is small (Mathew, 2006; Manwell et al., 2009). The 

Weibull shape parameter 𝑘 observed at sites of Rakiraki and Udu are considered on the higher 

side, according to this measure. The percentage of the time when the wind speeds is greater 

than 3.5 m/s (cut-in wind speed of the Vergnet 275-kW wind turbine) is approximately 73 %, 

58.5 % and 71.4 % for Rakiraki, Nabouwalu and Udu, respectively. 

The wind power class is a function of wind speed, and the corresponding wind power densities 

at heights of 10 m and 50 m, are as presented in Table 4.3 (NREL, 2020). 

Table 4.3 Wind Power Class (NREL, 2020) 

Wind Power 
Class 

10 m Wind Power 
Density (W/m2) 

10 m Wind 
Speed (m/s) 

50 m Wind Power 
Density (W/m2) 

50 m Wind 
Speed (m/s) 

1 0 - 100 0 - 4.4 0 - 200 0 - 5.6 

2 100 - 150 4.4 - 5.1 200 - 300 5.6 - 6.4 

3 150 - 200 5.1 - 5.6 300 - 400 6.4 - 7.0 

4 200 - 250 5.6 - 6.0 400 - 500 7.0 - 7.5 

5 250 - 300 6.0 - 6.4 500 - 600 7.5 - 8.0 

6 300 - 400 6.4 - 7.0 600 - 800 8.0 - 8.8 

7 400 -1000 7.0 - 9.4 800 -2000 8.8 - 11.9 

 

A Wind Power Class of 3 or above is considered suitable for most utility scale wind power 

developments (Manwell et al., 2009; NREL, 2020; Liu et al., 2014). The sites of Rakiraki and 

Udu have mean wind speeds of 6.31 m/s and 5.45 m/s and power densities of 241 W/m2 and 

157 W/m2 respectively, at a height of 10 m. Nabouwalu has a mean wind speed of 5.01 m/s 

and a power density of 154 W/m2 at the height of 5 m. In terms of wind power class at a height 

of 10 m for utility-scale wind power development, Rakiraki is categorised as Class 5 where as 

Udu and Nabouwalu are categorised as Class 3. Yasawa-I-Rara is Class 5, while Ono-I-Lau 

and Vanuabalavu are Class 3, but these are outer islands that are located away from the central 
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grid network, so are not suitable for utility-scale wind power development. Nevertheless, these 

results suggest that wind power could be a reliable renewable power source for these islands.  

The sites of Rakiraki, Nabouwalu and Udu meet the criteria of having sufficient mean wind 

speed and power density for future utility-scale wind power developments at a height of 10 m. 

The three sites have higher wind speeds and greater power density at lower heights compared 

to studies done at higher elevations (Sharma & Ahmed, 2016; Kumar & Prasad, 2010; Aukitino 

et al., 2017). According to the present results, other mainland sites tested cannot be utilized for 

future utility-scale wind power development as the wind speed and wind power density fall 

below Class 3. Note that on small outer islands, wind power can be utilized for rural 

electrification purposes in stand-alone hybrid power systems despite having lower wind speeds.  

4.4.2 Wind Speed Patterns 

The diurnal wind speed pattern is the average diurnal cycle of the wind composed of the long-

term averages of the wind at each hour of the day. Figures 4.6 (a) – (d) show the diurnal wind 

speed patterns for the 30 different AWS sites located around Fiji. The four figures show the 

diurnal cycle of wind speed for the AWSs on the leeward side of Viti Levu, the windward side 

of Viti Levu, Vanua Levu and the outer islands. Higher wind speeds in the order of 5 m/s or 

more are observed on AWSs that are located on either side of the channel between the two 

larger islands and on the north eastern tip of Vanua Levu. The sites of Rakiraki and Udu have 

a diurnal wind speed variation of 5.0 – 7.3 m/s and 5.2 – 5.9 m/s, respectively; at a height of 

10 m. Nabouwalu has a diurnal wind speed variation of 4.1 – 5.9 m/s at a height of 5 m.  

 
Figure 4.6 (a) Diurnal wind speed patterns for the 8 AWS sites on the leeward side of Viti Levu 

at 10 m. 
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Figure 4.6 (b) Diurnal wind speed patterns for the 6 AWS sites on the windward side of 

Viti Levu at 10 m. 

 

Figure 4.6 (c) Diurnal wind speed patterns for the 6 AWS sites in Vanua Levu at 10 m. 

 

Figure 4.6 (d) Diurnal wind speed patterns for the 10 AWS sites in outer islands at 10 

m. 
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The annual wind speed pattern is the average, climatological seasonal cycle as represented by 

monthly means. Figures 4.7 (a) – (d) show the annual wind speed patterns for the 30 different 

AWS sites around Fiji. The four figures show the annual patterns of wind speed for AWSs on 

the leeward side of Viti Levu, the windward side of Viti Levu, Vanua Levu and the outer 

islands. Wind speeds vary seasonally, with weaker winds during the austral summer 

(November to April). The sites of Rakiraki and Udu have an annual wind speed of 3.8 – 7.0 

m/s and 4.2 – 6.4 m/s respectively at a height of 10 m. Nabouwalu has an annual wind speed 

of 3.3 – 6.6 m/s at a height of 5 m.  

 

Figure 4.7 (a) Annual wind speed patterns for the 8 AWS sites on the leeward side of 

Viti Levu at 10 m. 

 

Figure 4.7 (b) Annual wind speed patterns for the 6 AWS sites on the windward side of 

Viti Levu at 10 m. 
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Figure 4.7 (c) Annual wind speed patterns for the 6 AWS sites in Vanua Levu at 10 m. 

 

Figure 4.7 (d) Annual wind speed patterns for the 10 AWS sites in Outer Islands at 10 

m. 

Figure 4.8 presents the monthly average wind speed for the three potential sites of Rakiraki, 

Nabouwalu and Udu with the corresponding 95 % confidence intervals. At 95 % confidence 

interval, the wind speed varies from 2.8 m/s to 8 m/s, 1.8 m/s to 7.8 m/s, 3.2 m/s to 7.4 m/s for 

Rakiraki, Nabouwalu and Udu, respectively. Looking at the 95 % confidence interval plots for 

the three sites, Nabouwalu is significantly different in comparison with Rakiraki and Udu. 
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Figure 4.8 Monthly average wind speed for the three potential sites. Error bars represent plus and 

minus two standard deviation. 

4.4.3 Wind Shear  

Table 4.4 shows the average wind shear coefficients for the 30 AWS locations. They vary from 

a minimum of 0.11 to a maximum of 0.35. We can compare these with published wind-shear 

coefficients (Patel, 2006): the terrain type in Keiyasi, Korolevu, Nausori, Rotuma, Tokotoko 

and Yaqara is tall crops, hedges, and shrubs while in Momi, Nabouwalu, Saqani, Udu and 

Viwa, it is foot-high grass at ground level. In Lomaivuna, Nadarivatu, Rarawai, Sigatoka and 

Wainikoro, it is wooded country with many trees; Koro Island, Labasa, Nadi, RKS Lovoni, 

Seaqaqa, Suva, Vanuabalavu and Vunisea has a small town with few trees and shrubs; Lakeba, 

Levuka, Matuku, Ono-I-Lau, Rakiraki, and Yasawa-I-Rara has smooth-hard ground as terrain 

types.  

The wind shear depends on the terrain type for each location that determines its roughness. A 

wind shear coefficient of α ≤ 0.2 is sufficient for normal wind turbine operation for all wind 

speed classes (Smith et al., 2002). The locations of Lakeba, Levuka, Matuku, Momi, 

Nabouwalu, Nausori, Ono-I-Lau, Rakiraki, Saqani, Udu, Viwa, and Yasawa meet this 

requirement, while other sites are outside the range of normal working conditions of wind 

turbines.  
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Table 4.4 Mean Wind Shear Coefficient at 30 Locations in Fiji 

Location  

Wind speed @ 10 m 

[m/s] 

Wind speed @ 55 m 

[m/s] 

Mean wind shear 

coefficient [α] 

Matuku 2.45 2.92 0.10 

Ono-I-Lau 5.24 6.33 0.11 

Rakiraki 6.31 7.57 0.11 

Yasawa 6.56 7.87 0.11 

Levuka 2.83 3.48 0.12 

Lakeba 2.69 3.4 0.14 

Nabouwalu 5.01 7.14 0.15 

Udu 5.45 7.01 0.15 

Momi 4.19 5.5 0.16 

Saqani 2.58 3.45 0.17 

Viwa 3.76 5.11 0.18 

Nausori 2.46 3.47 0.20 

Rotuma 2.51 3.58 0.21 

Keiyasi 1.21 1.75 0.22 

Korolevu 3.29 4.83 0.23 

Yaqara 3.94 5.81 0.23 

Tokotoko 2.4 3.64 0.24 

Lomaivuna 1.95 3.05 0.26 

Rarawai 1.73 2.7 0.26 

Sigatoka 1.96 3.05 0.26 

Wainikoro 1.75 2.81 0.28 

Nadarivatu 2.76 4.5 0.29 

Labasa 1.6 2.66 0.30 

RKS Lovoni 2.04 3.46 0.31 

Vanuabalavu 5.43 9.38 0.32 

Vunisea 4.12 7.16 0.32 

Koro Island 3.79 6.6 0.33 

Suva 2.81 4.9 0.33 

Seaqaqa 1.43 2.57 0.34 

Nadi 2.57 4.66 0.35 

 

4.4.4 Resource Maps of Potential Sites 

Sections 4.4.4.1 – 4.4.4.3 present the resource maps of the three identified potential sites of 

Rakiraki, Nabouwalu and Udu that meet the criteria for having sufficient wind resources for 

future utility-scale wind power applications.  

4.4.4.1 Rakiraki  

Figures 4.9 (a) - (c) present high-resolution maps of mean wind speed, wind power density and 

the AEP using the Vergnet 275-kW wind turbine for the site of Rakiraki at 55 m AGL. 
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Figure 4.9 (a) Mean wind speed map of Rakiraki at 55 m AGL. 

 

 

Figure 4.9 (b) Wind-power density map of Rakiraki at 55 m AGL. 
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Figure 4.9 (c) Annual Energy Production map of Rakiraki at 55 m AGL. 

4.4.4.2 Nabouwalu 

Figures 4.10 (a) - (c) present the high-resolution maps of mean wind speed, wind power density 

and the AEP using the Vergnet 275-kW wind turbine for the site of Nabouwalu at 55 m AGL. 

 

Figure 4.10 (a) Mean wind speed map of Nabouwalu at 55 m AGL. 
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Figure 4.10 (b) Wind-power density map of Nabouwalu at 55 m AGL. 

 

Figure 4.10 (c) Annual Energy Production map of Nabouwalu at 55 m AGL 
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4.4.4.3 Udu 

Figures 4.11 (a) - (c) present the high-resolution mean wind speed, wind power density and the 

AEP maps using the Vergnet 275-kW wind turbine for the site of Udu at 55 m AGL. 

 

Figure 4.11 (a) Mean wind speed map of Udu at 55 m AGL. 

 

Figure 4.11 (b) Wind-power density map of Udu at 55 m AGL. 
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Figure 4.11 (c) Annual Energy Production map of Udu at 55 m AGL. 

The mean wind speed in Rakiraki, Nabouwalu and Udu vary from 5.14 m/s to 10.26 m/s, 4.86 

m/s to 11.60 m/s and 6.15 m/s to 9.29 m/s with an average of 7.57 m/s, 7.14 m/s and 7.01 m/s 

respectively, at a height of 55 m AGL. In comparison with classes for wind speed at a height 

of 50 m from (NREL, 2020), average mean wind speed in Rakiraki is Class 5 whereas 

Nabouwalu and Udu fall within Class 4. Similarly, the wind power density in Rakiraki, 

Nabouwalu, and Udu varies from 121 to 971 W/m2, 148 to 2252 W/m2 and 192 to 695 W/m2 

with an average of 401 W/m2, 512 W/m2 and 294 W/m2 respectively, at a height of 55 m AGL. 

In comparison with classes for wind power density at a height of 50 m from (NREL, 2020), 

average wind power densities in Rakiraki and Udu fall within Class 3, where as in Nabouwalu 

it is Class 5. The AEP using the Vergnet 275-kW wind turbine for Rakiraki, Nabouwalu, and 

Udu varies from 0.285 to 1.476 GWh, 0.327 to 1.274 GWh and 0.480 to 1.268 GWh with an 

average of 0.907 GWh, 0.804 GWh and 0.716 GWh respectively. 

In the present study, the wind resources are simulated at 55 m AGL with 5 - 6 years of wind 

data, while for other studies it was simulated at 34 m altitude with 12 – 18 months wind data 

and using a smaller wind turbine.  

All three sites identified in the present study meet the criteria of having sufficient mean wind 

speed, power density and energy in the wind, using a Vergnet 275-kW wind turbine at the hub-
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height of 55 m. These sites have the potential for future utility-scale wind power developments 

and this potential could be further explored using a comprehensive resource assessment once 

wind resource data is available for at least 10 years (Manwell et al., 2009; Bailey et al., 1997).  

Table 4.5 presents a summary of the minimum installed capacity and the wind energy resources 

for each modelled wind farm in the three sites of Rakiraki, Nabouwalu and Udu. Each of these 

sites can accommodate a minimum of 10 MW of wind turbine installations with each turbine 

occupying an area of approximately 804 m2. A typical 10 MW wind farm using 37 × 275-kW 

wind turbines with 5-rotor diameter spacing modelled in Rakiraki, Nabouwalu and Udu would 

yield a net AEP of 42.869 GWh, 42.116 GWh and 37.005 GWh respectively. The 5-rotor 

diameter spacing is used to minimize the effects of one turbine working in the wake or disrupted 

flow of another turbine. 

Table 4.5 Modelled Wind Farm Analysis 

Location Rakiraki Nabouwalu Udu 

Installed Capacity [MW] 10 10 10 

Wind Turbine  37 x 275-kW 37 x 275-kW 37 x 275-kW 

Total gross AEP [GWh] 43.602 42.832 38.048 

Mean gross AEP [GWh] 1.178 1.158 1.028 

Min gross AEP [GWh] 0.854 0.994 0.801 

Max gross AEP [GWh] 1.480 1.262 1.259 

Total net AEP [GWh] 42.869 42.116 37.005 

Mean net AEP [GWh] 1.159 1.138 1.000 

Min net AEP [GWh] 0.851 0.966 0.749 

Max net AEP [GWh] 1.477 1.257 1.215 

Total proportional wake loses [%] 1.68 1.67 2.74 

Mean speed [m/s] 8.71 9.75 8.21 

Mean power density [W/m2] 608 1300 485 

Wind farm capacity factor  0.48 0.48 0.42 

Wind farm efficiency (%) 98.32 98.33 97.26 

 

4.5 Discussion  

The three sites, Rakiraki, Nabouwalu and Udu, have higher wind speeds, power densities and 

AEP in comparison with the findings from previous studies done in Fiji and Kiribati (Sharma 

& Ahmed, 2016; Kumar & Prasad, 2010; Aukitino et al., 2017). The differences between the 

present study and other studies (Sharma & Ahmed, 2016; Aukitino et al., 2017) is the height at 

which the wind resource is analysed, its geographical location and the duration of the data used.  

The wind turbines in the wind farms modelled have a minimum-maximum energy production 

range of 0.851 to 1.477 GWh, 0.966 to 1.257 GWh and 0.749 to 1.215 GWh with an average 
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of 1.159 GWh, 1.138 GWh and 1.000 GWh estimated per wind turbine for Rakiraki, 

Nabouwalu and Udu respectively. The mean wind speed and the mean power density at the 

hub height of the wind turbines modelled at Rakiraki, Nabouwalu and Udu is 8.71 m/s, 9.75 

m/s and 8.21 m/s with an average wind power density of 608 W/m2, 1300 W/m2 and 485 W/m2 

respectively. The proportional wake losses for the three sites is less than 2.74 % for all the three 

sets of 37 wind turbines. The capacity factor of the wind farms modelled ranges from 0.42 – 

0.48 while the wind farm efficiency ranges from 97.26 - 98.33 %. Current operational onshore 

wind farms around the world have a capacity factor of 0.20 – 0.54 whereas in the Oceania 

region the capacity factors are in the range of 0.31 – 0.48 (REN21, 2019). The capacity factor 

for the modelled wind farms falls within the range of operational wind farms in this region. 

A total AEP of 121.99 GWh is possible from the 3 × 10 MW wind farms modelled. A 

minimum of 30 MW of wind energy in terms of installed capacity, could be added to the 

existing grid network at an estimated cost of approximately $102 million FJD (using 3.4 million 

FJD/MW based on data from existing wind farm installation (Fiji Times, 2020)). This estimated 

cost of installation is less than the fuel bill for the local utility providers to run diesel generators 

for 2017 and 2018, which was reported to be 252.2 million FJD (EFL, 2018). The cost 

comparison does not compare the amount of energy produced by fossil fuel-based power 

plants. 

Comparing the AEP of each of the 10 MW wind farms modelled with the existing wind farm 

in Butoni, which had an AEP of 2.56 GWh in 2018, indicates that these three sites have good 

wind energy potential. The analysis presented in this paper suggests that these sites provide a 

better wind energy utilization than the existing wind farm site. Another possibility is the 

transfer of under-performing wind turbines from the existing wind farm to the sites identified 

in the present study, for better utilization of the wind turbines in terms of energy production. 

Furthermore, the AEP of 121.99 GWh from the 30 MW modelled wind farms at these sites is 

larger than the 108.739 GWh of production from the new 40 MW Nadarivatu Hydropower 

plant in 2018. The new hydropower plant cost approximately $300 million FJD to build and 

commission (EFL, 2018). Appropriate decision-making on investment by EFL, government, 

private sector and international investors can turn out to be profitable while contributing 

significantly to reducing the carbon footprints for Fiji.      
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4.6 Conclusions 

This chapter summarizes an assessment of the wind resource at selected locations in Fiji for 

the potential of future utility-scale wind-power development. We use 2 - 8 years of near surface 

wind observations (2011 – 2018) from thirty automatic weather stations. The standard wind-

industry software, WAsP is used to simulate the wind resource in terms of mean wind speed, 

dominant wind direction, power density and annual energy production (AEP) using a Vergnet 

275-kW wind turbine.  

The results of the WAsP analysis reveal three potential sites for future utility-scale wind power 

development: Rakiraki, Nabouwalu and Udu. High-resolution 6 km × 6 km resource maps 

were produced for these wind resource parameters at a horizontal resolution of 50 m at these 

sites. Rakiraki, Nabouwalu and Udu have an average wind speed of 7.6 m/s, 7.1 m/s and 7.0 

m/s with an average power density of 401 W/m2, 512 W/m2 and 294 W/m2, and an average 

annual production of 0.907 GWh, 0.804 GWh and 0.716 GWh using a 275-kW wind turbine, 

respectively, at a height of 55 m. The dominant wind direction is southeasterly. The wind shear 

coefficient computed for the potential sites are suitable and within the normal working 

conditions stipulated for standard wind turbines.   

Each site can accommodate a minimum installed capacity of 10 MW to support the electricity 

grid network with clean and environmentally friendly renewable electrical energy. Modelling 

a 10 MW wind farm at each site yields a net annual energy production of 43 GWh, 42 GWh 

and 37 GWh for Rakiraki, Nabouwalu and Udu respectively, with capacity factors of 0.42 – 

0.48 and wind farm efficiencies of 97 – 98 %. This research promotes the idea that the SIDS 

in the Pacific can utilize the wind resource to ease its dependence on diesel-based power 

generation using small-medium sized wind turbines and provides an initial pathway to future 

wind energy investment opportunities for government, private sector and international 

investors.  
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Chapter 5 An Analysis of the 10 MW Butoni Wind 

Farm in the Tropical Southwest Pacific 

Island of Fiji 

 

 

 

This chapter carries out an analysis of the Butoni wind farm in Fiji using 6 years of 

uninterrupted near-surface wind observations (2013 – 2018) from a nearby Automatic Weather 

Station (AWS). The standard wind-industry software, Wind Atlas Analysis and Application 

Program (WAsP) is used to analyse and evaluate the wind characteristics of the wind farm and 

the surrounding areas. In addition, the modelled and operational annual energy production 

(AEP) are discussed with the related economic analysis together with the main causes for the 

under-performance of the wind farm. The results revealed that the mean wind speed, power 

density and the AEP at the Butoni wind farm are 3.5 m/s, 68 W/m2 and 130 MWh/year/turbine, 

which are below the utility-scale standard of 6.4 m/s, 300 W/m2 and 500 MWh/year/turbine 

respectively, at 55 m above ground level (AGL). The main reason for the under-performance 

of the wind farm is that it was commissioned for a low mean wind speed regime of 3.1 m/s to 

4.0 m/s. The wind farm has a lower-than-expected capacity factor of 5.4 % and a higher wind 

shear coefficient of 0.35. An economic analysis revealed that the payback time is 24.5 years, 

and the cost of energy generation is FJD $0.55/kWh.  
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5.1 Introduction 

Fiji is a small island developing state (SIDS) located in the tropical Southwest Pacific region 

between the latitudes of 12 °S - 22 °S and longitudes of 177 °E - 178 °W. The 332 islands in 

the country cover a total land area of 18,333 km2 with 110 islands being inhabited. The two 

largest islands of Viti Levu and Vanua Levu occupy around 87 % of the total land area with 

10,400 km2 and 5,540 km2 respectively. The islands are mountainous with a maximum peak of 

1300 m above mean sea level and are of volcanic origin. The islands of Fiji experience a 

tropical marine climate, which consists of two climatic seasons, namely austral summer (wet 

season) extending from November to April and austral winter (dry season) from May to 

October. The islands are also prone to tropical cyclones with a frequency of on average 2 

tropical cyclones forecasted during austral summer for the Fijian waters (Sturman & 

McGowan, 2013). 

Energy Fiji Limited (EFL) (formerly known as Fiji Electricity Authority - FEA) is responsible 

for the generation, transmission and distribution of grid electricity in Fiji. Electricity generation 

in Fiji is a mixture of renewable (hydro, biomass and wind) and conventional (industrial diesel 

and heavy fuel oil) power stations. In the year 2019, 1060 GWh of electricity was generated 

with 57.7 % (610.8 GWh) from renewable sources and 42.4 % (449.7 GWh) from conventional 

power plants. The renewable energy-based power plants contributed 52.7 % (559.3 GWh) from 

hydropower, 4.6 % (48.8 GWh) from biomass-based independent power producers and 0.25 % 

(2.7 GWh) from wind (EFL, 2019).  

An assessment of the wind resources is required to determine the potential for wind power 

generation at any scale, whether for grid-connected or stand-alone systems. In addition, siting 

of wind turbines is important for the optimal utilization of the available wind resources and the 

viability of a wind power project (Mathew, 2006; Manwell et al., 2009). Several wind-resource 

assessment studies have been conducted in Fiji using the Wind Atlas Analysis and Application 

Program (WAsP) (Singh, 2015; Kumar & Nair, 2014; Kumar & Nair, 2013; Kumar & Nair, 

2012; Kumar & Prasad, 2010; Gosai, 2015; Sharma & Ahmed, 2016; Pratap, 2016) and 

WindPRO (Dayal, 2015), with mean wind speed, power density and Weibull A and k 

parameters ranging from 4.6 m/s – 6.5 m/s, 139 W/m2 – 241 W/m2, 5.2 m/s – 7.35 m/s and 1.68 

– 2.63, respectively at 10 m elevation, but none have led to developing new wind farms to 

support the electricity grid. However, a recent study identified three potential wind farm sites 

that can be further investigated for utility-scale wind power applications with each site capable 
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of incorporating a minimum installed capacity of 10 MW using Vergnet 275-kW wind turbines 

(Dayal et al., 2021a).  

Fiji has a grid-connected 10 MW wind farm situated in the Butoni hills of Sigatoka. The wind 

farm consists of 37 × 275 kW Vergnet wind turbines, which are connected to the EFL grid 

network. The investment was worth FJD 34 million dollars (Fiji Times, 2020). Table 5.1 

presents the electricity generation statistics, contribution to grid and the capacity factor (CF) of 

the Butoni wind farm since its installation in 2007. The wind farm is operating below the 

operational capacity of current utility-scale wind farms around the world and in the Oceania 

region, which have capacity factors ranging from 0.20 – 0.54 and 0.31 – 0.48, respectively 

(REN21, 2019). The power production ranges from a minimum of 2.1 GWh in 2017 to a 

maximum of 7.2 GWh in 2009 with a minimum and maximum contribution of 0.21 % and 0.93 

% to the annual electricity generation within Fiji over a 13-year period, respectively. The 

Butoni wind farm in Fiji is reported to be under-performing due to a lack of analysis prior to 

installation (Fiji Times, 2020). To date, no research has been carried out to analyse the wind 

resources and to determine the main causes for the under-performance of the wind farm. 

Table 5.1 Butoni Wind Farm Operational Statistics 

Year Production (GWh) Contribution to grid (%) Capacity Factor (%) 

2007 3.35 0.44 3.83 

2008 4.60 0.60 5.26 

2009 7.21 0.93 8.23 

2010 6.42 0.77 7.33 

2011 4.98 0.62 5.68 

2012 6.81 0.85 7.77 

2013 5.35 0.62 6.11 

2014 4.27 0.50 4.87 

2015 5.67 0.64 6.48 

2016 3.63 0.39 4.15 

2017 2.08 0.21 2.38 

2018 2.56 0.26 2.92 

2019 3.15 0.25 3.59 

 

This study aims to carry out an analysis of the Butoni wind farm to evaluate the wind 

characteristics in terms of mean wind speed, dominant wind direction, mean power density, 

diurnal and annual wind speed patterns, capacity factor, average wind shear and the energy 

potential via resource mapping of a 275-kW Vergnet wind turbine using measured data from a 

nearby located Automatic Weather Station (AWS) in WAsP. In addition, the analysis compares 

simulated yearly results with actual operational production from the wind farm and discusses 
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the related economic return together with the causes for the under-performance of the wind 

farm. 

Section 5.2 of this work provides the background for the analysis, section 5.3 describes the 

methodology, and the results are presented in section 5.4 and then discussed in section 5.5. The 

conclusions are presented in section 5.6.  

5.2 Background 

The key wind resource parameters computed by WAsP (Mortensen et al., 2014) include the 

Weibull distribution, power and energy production from a wind turbine and the mean wind 

speed. The wind shear coefficient, capacity factor and the economic viability parameters are 

computed using the WAsP results.   

5.2.1 Weibull Distribution 

In most locations surface wind speed distribution is well approximated by a Weibull 

distribution (Mathew, 2006; Manwell et al., 2009; Mortensen et al., 2014). Fitting the Weibull 

distribution is therefore the method most frequently used in wind energy studies to obtain a 

smooth distribution despite under-sampling of wind speed due to limited observation periods. 

The Weibull distribution is a two-parameter function, mathematically represented by 𝑓(𝑢) 

while the cumulative distribution function is represented by 𝐹(𝑢): 

𝑓(𝑢) =  
𝑘

𝐴
 (

𝑢

𝐴
)

𝑘−1

𝑒
−(

𝑢
𝐴

)
𝑘

                (5.1) 

𝐹(𝑢) = 1 − 𝑒−(
𝑢
𝐴

)
𝑘

,                           (5.2) 

where 𝑢 is the reference wind speed at the height of measurement, 𝑘 the non-dimensional shape 

parameter, and 𝐴 the scale parameter whose dimensions coincide with that of 𝑢 (m/s). 

𝑘, 𝐴, 𝑢 > 0. The Weibull shape parameter 𝑘 indicates how peaked the distribution is, the 

Weibull 𝐴 parameter indicates on average how windy the site is and the Weibull mean 𝑢 

indicates the long-term mean wind speed at the site. A higher Weibull 𝐴 parameter (> 4 m/s) 

means a higher wind speed at a site and a higher Weibull 𝑘 parameter (> 2.5) indicates that 

the variation of mean wind speed is small (Mathew, 2006; Manwell et al., 2009). 

5.2.2 Power and Energy Production from a Wind Turbine 

The power production 𝑃 (in units of 𝑊) from a wind turbine is estimated using the wind turbine 

power curve 𝑝(𝑢) and the probability density function of the wind speed at the hub height of 

the wind turbine as follows: 

𝑃 = ∫ 𝑓(𝑢) 𝑝(𝑢)𝑑𝑢
∞

0
.                    (5.3)        



97 

 

The annual energy output from a wind turbine E (in units of Wh) is estimated using the 

following equation: 

𝐸 = 𝜂𝑇𝑃,                                              (5.4)        

where 𝑇 is the number of hours in one year and 𝜂 is the energy conversion efficiency of the 

wind turbine (Mortensen et al., 2014). 

5.2.3 Wind Speed calculation using WAsP 

WAsP is a linear wind simulation model, based on linear models of the fluid flow equations 

and considers the following fundamental factors when calculating wind speed: 

1. The geostrophic balance, where the geostrophic drag law gives the geostrophic wind speed 

‘G’: 

G =  
𝑈∗

𝐾
 √[𝑙𝑛

𝑈∗

𝐹𝑧0
− 𝒜(𝜇)]

2

+ 𝐵2(𝜇) ,    (5.5) 

where 𝒜, 𝐵 are dimensionless constants, 𝑈∗ is the friction velocity, 𝐾 is the dimensionless von 

Karman’s constant (0.4), 𝑧0 is the surface roughness length and 𝐹 is the Coriolis parameter. 

2. The modified logarithmic wind profile. 

𝑢(𝑧) =
𝑈∗

𝐾
[𝑙𝑛

𝑧

𝑧0
−  𝜓 (

𝑧

𝐿
) ],                 (5.6) 

where 𝑢(𝑧) is the wind speed at height 𝑧, 𝜓 is the stability dependent function which is positive 

for unstable and negative for stable conditions, and 𝐿 is the Monin-Obukhov Length 

(Mortensen et al., 2014).  

3. A specific (but uniform) stability, roughness variations and elevation variations from the 

topographical data. 

5.2.4 Vertical Profile of Wind Speed and Wind Shear 

A power law is often used to describe the wind velocity profile near the surface and is 

commonly used to model the vertical profile of wind speed over regions of homogeneous, flat 

terrain and prairies. The power law is expressed as: 

𝑢(𝑧)

𝑢(𝑧𝑟)
= (

𝑧

𝑧𝑟
)

𝛼

,                                 (5.7) 

where 𝑢(𝑧𝑟) is the reference wind speed at height 𝑧𝑟 and α is the power law exponent, which 

is the estimated wind shear coefficient at the site.  
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The wind shear is the vertical variation of wind speed with height. It results from the surface 

drag which slows down the wind at the surface. It depends on how the effect of this drag is 

transported upwards by turbulence, and on the surface roughness, which modulates turbulence. 

It is an important parameter not only for power production from wind turbines, but also for 

aerodynamic loadings on the wind turbine blades. The wind shear coefficient can be computed 

using known wind speeds at two elevations, as in equation (5.8): 

α =  
𝑙𝑛 (

𝑢(𝑧1)
𝑢(𝑧2))

𝑙𝑛 (
𝑧1

𝑧2
)

 .                            (5.8)    

Many researchers have used a one-seventh power law where 𝛼 =
1

7
 for relatively flat terrain. 

5.2.5 Capacity Factor  

The capacity factor (CF) is the ratio of the energy output (𝐸𝑇) produced by a wind power system 

to the output that would have been generated if the system operated at its rated power (𝑃𝑅) over 

a given time period (𝑇). The dimensionless value of CF is given by: 

𝐶𝐹 =  
𝐸𝑇

𝑃𝑅𝑇
 .                          (5.9) 

5.2.6  Payback Period and Cost of Energy Generation 

In a payback analysis, the revenue is compared with the costs and the length of time required 

for recovering the initial investment costs. The payback period in years equals to the total 

capital costs of the wind energy system divided by the annual revenue generated from the 

energy produced (Mathew, 2006; Manwell et al., 2009). The simple payback period is 

expressed as: 

𝑃𝑃 =  
𝐶𝑐

𝐴𝐴𝑅
=  

𝐶𝑐

𝐸 × 𝑃𝑒
 ,             (5.10) 

where 𝑃𝑃 is the payback period, 𝐶𝑐 is the total installation cost ($), 𝐴𝐴𝑅 is the average annual 

return ($/year), 𝐸 is the annual energy production (kWh/year) and 𝑃𝑒  is the feed-in-tariff for 

electricity ($/kWh). 

The cost of energy (𝐶𝑜𝐸) generation is the unit cost required to produce energy in $/kWh from 

a power generation system, it is expressed as: 

𝐶𝑜𝐸 =  
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑠

𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
=

[(𝐶𝑐 × 𝐹𝐶𝑅) + 𝐶𝑂&𝑀]

𝐸
 ,          (5.11) 
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where 𝐶𝑂&𝑀  is the average annual operation and maintenance cost ($/year) and 𝐹𝐶𝑅 is the fixed 

charge rate ($/year), which refers to the value of interest one pays and or an average annual 

charge used to account for debt, equity costs and taxes etc. 

5.3 Methodology 

Fiji Meteorological Services (FMS) provided 6 years of wind data from 2013 to 2018 for the 

Sigatoka Automatic Weather Station (AWS) in Fiji since its installation. The average wind 

speed and wind direction dataset was recorded with a temporal resolution of 10 minutes using 

mechanical anemometers and wind vanes at a height of 10 m above ground level (AGL) as per 

the World Meteorological Organisation (WMO) requirements.   

Table 5.2 shows the station details in terms of the latitude, longitude, altitude, observation 

period and the total number of observations and the data availability. The AWS site has a data 

availability of 95.4 % over the study period.  

Table 5.2 Location and Data Records for the Sigatoka AWS 

Station  

Latitude 

(degrees) 

Longitude 

(degrees) 

Height 

(m) 

Elevation 

(m) 

Data 

Period 

# of 

Records Availability  
Sigatoka  -18.1422 177.5039 10 m 6.7 m  2013 – 2018  300855 95.4 % 

 

Figure 5.1 shows the map of Fiji with the study area and an enlarged spatial map with the 

location of the Sigatoka AWS (denoted by X) and the wind farm site (bounded by the 

rectangular box). In the enlarged spatial map, the contours are at intervals of 10 m, the 

roughness is represented by polygonal shapes and the rectangular box outlines the location of 

the wind farm and the 37 Vergnet 275 kW wind turbines located on the Butoni hills.  

 

This study uses WAsP Climate Analyst 3.1 (Mortensen et al., 2014) with observed wind 

climatology as input, WAsP Map Editor 12.1 for topography and land roughness maps and 

WAsP 12.1 for mean wind speed, power density, and annual energy production analysis. WAsP 

is PC-based wind simulation software, developed and distributed by researchers within the 

Department of Wind Energy of the Denmark Technical University. It is a standard wind 

resource assessment, siting, and energy-yield calculation tool used in the wind-power industry 

and in scientific research. It produces spatial patterns of wind and mapping of wind resources 

by extrapolation of wind data. The accuracy of the predictions is subject to the assumption that 

there is the same overall weather regime for the reference and predicted sites, the weather 

conditions are close to neutrally stable, the reference wind data is reliable, the surrounding 

terrain is sufficiently smooth, and the topographical inputs are adequate and reliable. 
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Figure 5.1 Map of Fiji showing the location of the AWS and the wind farm site 

(Original Map Source: Google Earth). 

WAsP Climate Analyst 3.1 generated an estimate of the wind climatology for the Sigatoka 

AWS location using the raw data provided by Fiji Meteorological Services. The estimated wind 

is presented sector-wise in the form of a wind rose and a Weibull distribution function. The 

wind rose indicates the relative frequency of occurrence of wind direction grouped in 12 

sectors. Equation (5.8) is used to compute the wind shear coefficient α using the mean wind 

speeds at 10 m and 55 m above ground level (AGL) as the reference and calculation elevations 

for wind shear coefficient, respectively. These elevations have been used because WAsP 

processed the 10 m wind speed from AWSs and WAsP modelled the wind speed at 55 m AGL, 

and measurements are not available at any other heights. 

The topography and the land roughness maps were imported from the GWA-Elevation 

Database and GWA-Roughness-Global-Cover Databases (https://globalwindatlas.info/) at a 

horizontal resolution of 3 arc seconds (approximately 90 m) and 10 arc seconds (approximately 

300 m), respectively. Both the topography and the land roughness maps were joined into one 

map using the WAsP Map Editor 12.1.  
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WAsP 12.1 was then used to analyse the wind energy resource in terms of mean wind speed, 

power density, orography, and the AEP using a Vergnet 275-kW wind turbine on a resource 

grid of 14 km × 14 km at a height of 55 m AGL. The obstacles and sheltering effects from 

nearby vegetation and buildings were considered in the WAsP analysis. High-resolution micro-

scale resource maps for the resource grid of 14 km × 14 km at 50 m horizontal resolution were 

developed for each resource parameter. A turbine cluster of 37 × 275 kW Vergnet wind 

turbines were placed at the same locations as in the Butoni wind farm. Annual energy 

production (AEP) was computed using WAsP 12.1 and the wake losses were modelled using 

the Park 2 model (Mortensen et al., 2014).  

The Vergnet 275-kW wind turbine has been used at the Butoni wind farm as these turbines can 

be lowered to the ground and secured in place during extreme wind conditions, such as tropical 

cyclones, which are not uncommon in Fiji. Vergnet wind turbines are in use at existing wind 

farms in other Southwest Pacific island countries prone to tropical cyclones such as Samoa, 

Vanuatu and New Caledonia. Table 5.3 presents the specifications of the Vergnet 275-kW wind 

turbine.  

Table 5.3 Vergnet 275-kW turbine specifications 

Rotor 

Diameter 

Hub 

Height 

Cut-in 

speed 

Cut-out 

speed 

Rotation 

rate 

Rated 

Power 

Rated wind 

speed 

32 m 55 m 3.5 m/s  25 m/s 31 rpm 275-kW 12 m/s 

 

Figure 5.2 presents the elevation and the polygonal land roughness grid maps of Sigatoka with 

a contour interval of 10 m. The elevation varies from sea level to 380 m.  
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Figure 5.2 Elevation map of Sigatoka (x denotes the location of the AWS). 

Table 4.4 presents details for the locations of the individual wind turbines in the Butoni wind 

farm. The information includes the wind turbine generator (WTG) number, the distance from 

the central meridian (X-location) and the distance from the equator (Y-location) and the 

elevation above mean sea level. All wind turbines have a standard hub-height of 55 m. 

Three wind resource parameters are considered important for determining the potential of the 

wind resource. Wind speed and wind power density in the range of Class 3 or higher (wind 

speed > 5.1 m/s and 6.4 m/s and power density > 150 W/m2 and 300 W/m2 at heights of 10 m 

and 50 m, respectively) and AEP of 0.500 GWh/year/turbine or higher are considered feasible 

for utility-scale wind power development (Manwell et al., 2009; Liu et al., 2014; NREL, 2020).  

The individual wind turbine and the overall wind farm capacity factor is calculated using 

Equation 5.9. The payback period and the cost of energy generation are computed using 

Equations 5.10 and 5.11, respectively. 
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Table 5.4 Details of the wind turbines in the Butoni wind farm 

Site 

description  

X-location 

[m] 

Y-location 

[m] 

Elevation a.s.l. 

[m] 

WTG 1  553245.7 7996709 139.1 

WTG 2 553066.1 7996809 150.1 

WTG 3 553278.1 7996930 184.2 

WTG 4 553352.5 7997063 213.7 

WTG 5 553395.1 7997173 239.2 

WTG 6 553501.1 7997239 238.7 

WTG 7 553427.5 7997394 241.3 

WTG 8 553533.4 7997461 213.6 

WTG 9 553692.3 7997515 208.9 

WTG 10 553787.6 7997548 200.7 

WTG 11 553798.6 7997692 179.4 

WTG 12 553989.4 7997824 199.4 

WTG 13 554116.2 7997780 193.2 

WTG 14 553979.2 7997979 188.6 

WTG 15 553968.9 7998079 180.8 

WTG 16 554053.8 7998156 170.8 

WTG 17 554045.1 7998853 202.9 

WTG 18 554077.3 7998997 224.2 

WTG 19 554193.8 7999052 226.1 

WTG 20 554236.4 7999129 219.9 

WTG 21 554289.5 7999218 213.1 

WTG 22 554205.1 7999317 218 

WTG 23 554173.6 7999406 217.3 

WTG 24 554248.0 7999517 229.8 

WTG 25 554290.6 7999594 230 

WTG 26 554343.8 7999704 221.7 

WTG 27 554312.4 7999848 210.5 

WTG 28 553691.5 7997217 204.6 

WTG 29 553924.0 7997150 185.2 

WTG 30 553754.6 7997095 193.9 

WTG 31 554017.7 7996596 170.2 

WTG 32 554112.7 7996518 153.9 

WTG 33 554027.9 7996463 157 

WTG 34 554017.1 7996386 148.3 

WTG 35 553953.5 7996331 142.6 

WTG 36 553910.9 7996242 134.5 

WTG 37 553879.1 7996187 131.4 

 

5.4 Results  

This section presents the results as follows: wind speed frequency and wind direction analysis, 

diurnal and annual wind speed patterns, wind shear coefficient and resource maps of mean 
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wind speed, wind power density and annual energy production (AEP). Also presented is a 

comparison between the AEP calculated using WAsP and the actual AEP of the Butoni wind 

farm and the related wind farm economics. 

5.4.1 Wind Speed Frequency and Wind Direction 

The wind speed frequency distribution provides information about the site-specific Weibull 

wind resource parameters (𝐴 and 𝑘) and the average power density at the height of the 

measurement mast. Similarly, a wind rose provides site specific sector-wise wind direction 

information. Figure 5.3 presents the wind speed frequency distribution and the wind direction 

analysis of the Sigatoka AWS location. 

 

Figure 5.3 Wind rose and wind speed frequency distribution at Sigatoka AWS for 2013-

2018 at 10 m AGL. 

The wind speed varies from a minimum of 0 m/s to a maximum of 8.0 m/s with the majority 

(75 %) of the wind speed distribution being below 3 m/s. The average wind speed is 1.94 m/s 

with a power density of 11 W/m2 at the height of 10 m AGL. Island-scale circulation and 

sheltering effects from near obstacles shows the wind direction is spreading from the northeast 

to southeast with a dominant southeast wind direction. The Weibull 𝐴 and 𝑘 parameter values 

are 2.2 m/s and 1.60, respectively. The wind resource at the Sigatoka AWS can be classified 

as Wind Power Class 1 using the NREL standard classification at 10 m AGL (NREL, 2020). 

The 10 m wind speed, power density and the Weibull 𝐴 and 𝑘 values at the Sigatoka AWS are 

less than those reported in the literature for wind energy studies in Fiji (Singh, 2015; Kumar & 

Nair, 2014; Kumar & Nair, 2013; Kumar & Nair, 2012; Kumar & Prasad, 2010; Gosai, 2015; 

Sharma & Ahmed, 2016; Pratap, 2016; Dayal, 2015). On average, the 10 m wind speed is lower 



105 

 

by -192 %, power density is lower by -1654 %, the Weibull A parameter is lower by -190 % 

and the Weibull k parameter is lower by -36 % at the Sigatoka AWS in comparison with the 

wind energy studies reported in the literature (Singh, 2015; Kumar & Nair, 2014; Kumar & 

Nair, 2013; Kumar & Nair, 2012; Kumar & Prasad, 2010; Gosai, 2015; Sharma & Ahmed, 

2016; Pratap, 2016; Dayal, 2015). The major reason for the larger differences observed 

between the Sigatoka AWS and other stations is the geographical location, as the wind resource 

parameters vary in space depending on the location, surrounding terrain and topography. 

5.4.2 Wind Speed Patterns 

The diurnal wind speed pattern represents the composite long-term averaged hourly variation 

of wind speed during a 24-hour period. The 6-year diurnal wind speed patterns and the average 

observed at the Sigatoka AWS location is presented in Figure 5.4. The average diurnal wind 

speed varies from a minimum of 1.1 m/s at midnight to a maximum of 3.4 m/s at 13:00 and 

14:00 hours, at a height of 10 m. The diurnal variation of wind speed also falls in the category 

of Wind Power Class 1 (NREL, 2020). The average diurnal wind speed pattern is similar to 

those reported in previous studies (Singh, 2015; Kumar & Nair, 2014; Kumar & Nair, 2013; 

Kumar & Nair, 2012; Kumar & Prasad, 2010; Gosai, 2015; Sharma & Ahmed, 2016; Pratap, 

2016; Dayal, 2015) in Fiji, but with lower magnitude. On average the minimum diurnal wind 

speed is lower by 272 %, while the maximum diurnal wind speed is lower by 91 % at the 

Sigatoka AWS in comparison with the other wind energy studies done in Fiji (Singh, 2015; 

Kumar & Nair, 2014; Kumar & Nair, 2013; Kumar & Nair, 2012; Kumar & Prasad, 2010; 

Gosai, 2015; Sharma & Ahmed, 2016; Pratap, 2016; Dayal, 2015). 

 

Figure 5.4 Diurnal wind speed patterns at 10 m AGL at Sigatoka AWS. 
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The monthly average wind speed during the annual long-term climatological cycle is 

representative of the annual wind speed pattern. Figure 5.5 presents the 6-year monthly 

averaged annual wind speed patterns observed at the Sigatoka AWS location. This varies from 

a minimum of 1.9 m/s to a maximum of 2.1 m/s. During austral summer the wind speed varies 

from 1.6 m/s to 1.9 m/s, and during austral winter from 1.8 m/s to 2.2 m/s at 10 m AGL. The 

annual variation of wind speed also falls in the Wind Power Class 1 category (NREL, 2020). 

The magnitude of the annual wind speed variations at Sigatoka AWS are lower than those 

reported in other studies conducted elsewhere within Fiji (Singh, 2015; Kumar & Nair, 2014; 

Kumar & Nair, 2013; Kumar & Nair, 2012; Kumar & Prasad, 2010; Gosai, 2015; Sharma & 

Ahmed, 2016; Pratap, 2016; Dayal, 2015), but similar behaviour is observed with higher wind 

speeds during austral winter (May – Oct) and lower wind speeds during austral summer (Nov 

– Apr). On average the minimum annual wind speed is lower by 100 % while the maximum 

wind speed is lower by 219 % at the Sigatoka AWS in comparison with wind energy studies 

done in Fiji (Singh, 2015; Kumar & Nair, 2014; Kumar & Nair, 2013; Kumar & Nair, 2012; 

Kumar & Prasad, 2010; Gosai, 2015; Sharma & Ahmed, 2016; Pratap, 2016; Dayal, 2015). 

 

Figure 5.5 Annual wind speed patterns at 10 m AGL at Sigatoka AWS. 

 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean

2013 1.8 1.6 1.8 1.6 1.8 1.9 2.2 1.8 2.1 2.2 1.9 1.7 1.9

2014 1.9 1.8 1.8 1.6 1.7 1.8 1.8 2.3 2.1 2.3 2.3 2.3 2.0

2015 1.8 1.6 1.8 2.1 2.1 2.1 2.1 2.2 1.9 2.6 2.7 2 2.1

2016 1.9 1.9 1.8 2.2 1.6 1.6 1.8 1.6 2.2 2.1 2 2.1 1.9

2017 1.8 1.7 1.8 2.1 2.1 1.9 1.9 1.9 2 2.2 1.9 1.9 1.9

2018 1.9 1.7 1.5 1.8 1.7 1.7 1.8 1.9 2.3 2.1 2.1 2.1 1.9

Mean 1.8 1.7 1.7 1.9 1.8 1.8 1.9 2 2.1 2.2 2 2 1.9
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5.4.3 Wind Shear 

The mean wind shear coefficient for the Sigatoka area is 0.35 as presented in Table 5.5. It 

represents a terrain type of a small town with few trees and shrubs (Patel, 2006). For the normal 

wind turbine operation for all wind power classes, a wind shear coefficient of α ≤ 0.20 is 

required (Smith et al., 2002), the Sigatoka wind shear coefficient is outside this range.  

Table 5.5 Mean wind shear coefficient of Sigatoka area 

Location  

Wind speed @ 10 m 

[m/s] 

Wind speed @ 55 m 

[m/s] 

Mean wind shear coefficient  

[α] 

Butoni 1.94 3.50 0.35 

 

5.4.4 Wind Farm Statistics 

Table 5.6 presents the WAsP calculated average statistics of the individual wind turbines in the 

Butoni wind farm for the study period of 2013 – 2018. The net AEP varies from a minimum of 

62.6 MWh for turbine 15 to a maximum of 215 MWh for turbine 6 with an average of 129.7 

MWh for the 37 turbines in the wind farm. The wake losses vary from a minimum of 1.1 % 

(1.4 MWh) for turbine 37 to a maximum of 40 % (43.6 MWh) for turbine 23 with an average 

of 13.1 % (18.4 MWh) for the entire wind farm. The capacity factor of the wind turbines varies 

from a minimum of 2.6 % for turbine 15 to a maximum of 8.9 % for turbine 6 with an average 

wind farm capacity factor of 5.4 %. The net AEP for the individual wind turbines is 

significantly below 500 MWh/year, which is considered feasible for utility-scale wind power 

applications (Mathew, 2006; Manwell et al., 2009; Mortensen et al., 2014). The capacity factor 

is also below the operational capacity of current utility-scale wind farms around the world and 

in the Oceania region, which have capacity factors ranging from 0.20 – 0.54 and 0.31 – 0.48, 

respectively (REN21, 2019).  

Table 5.7 presents the WAsP average Weibull (𝐴 and 𝑘) parameters, mean wind speed and the 

power density of individual wind turbines for the study period of 2013 – 2018 at the hub-height 

of 55 m AGL. The Weibull scale parameter 𝐴 and the shape parameter 𝑘 varies from a 

minimum to maximum of 3.4 m/s for turbine 1 to 4.5 m/s for turbine 5, and 1.42 for turbine 2 

to 1.65 for turbine 14, with an average of 3.9 m/s and 1.51 for the entire wind farm, respectively. 

The mean wind speed and power density varies from a minimum to maximum of 3.1 m/s for 

turbine 1 to 4.04 m/s for turbine 5, 46 W/m2 for turbine 1 to 106 W/m2 for turbine 5, with an 

average of 3.51 m/s and 68 W/m2 for the whole wind farm, respectively. 
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Table 5.6 Wind Turbines in the Butoni Wind Farm 2013 – 2018 

Turbine Site 
Gross AEP 

(MWh) 

Net AEP 

[MWh] 

Wake Loss 

(MWh) 

Wake loss 

[%] 

Capacity 

Factor (%) 

WTG 1 97.0 94.7 2.3 2.4 3.9 
WTG 2 142.8 139.0 3.9 2.7 5.8 

WTG 3 153.2 140.0 13.2 8.6 5.8 

WTG 4 186.6 175.7 10.8 5.8 7.3 
WTG 5 232.1 210.7 21.4 9.2 8.8 

WTG 6 228.5 215.0 13.5 5.9 8.9 

WTG 7 227.8 177.3 50.5 22.2 7.4 
WTG 8 198.9 169.5 29.4 14.8 7.0 

WTG 9 189.8 168.9 20.8 11.0 7.0 

WTG 10 167.4 152.3 15.1 9.0 6.3 

WTG 11 127.7 108.8 18.8 14.8 4.5 
WTG 12 161.3 149.2 12.0 7.5 6.1 

WTG 13 178.8 172.9 5.9 3.3 7.1 

WTG 14 100.4 76.7 23.7 23.6 3.2 
WTG 15 92.2 62.6 29.7 32.2 2.6 

WTG 16 98.5 87.0 11.6 11.7 3.6 

WTG 17 118.5 110.3 8.1 6.9 4.6 
WTG 18 158.3 137.5 20.8 13.2 5.7 

WTG 19 155.6 146.5 9.2 5.9 6.1 

WTG 20 131.9 119.4 12.6 9.5 5.0 

WTG 21 114.1 105.8 8.4 7.3 4.4 
WTG 22 103.4 69.8 33.6 32.5 2.9 

WTG 23 109.4 65.8 43.6 39.8 2.7 

WTG 24 138.5 110.0 28.6 20.6 4.6 
WTG 25 155.7 132.9 22.8 14.6 5.5 

WTG 26 138.1 123.8 14.3 10.4 5.1 

WTG 27 94.7 63.7 31.0 32.7 2.6 

WTG 28 168.9 141.6 27.3 16.2 5.9 
WTG 29 146.7 135.3 11.5 7.8 5.6 

WTG 30 151.2 140.0 11.2 7.4 5.8 

WTG 31 160.2 109.2 51.0 31.8 4.5 
WTG 32 157.9 154.6 3.3 2.1 6.4 

WTG 33 154.6 115.6 39.0 25.2 4.8 

WTG 34 149.8 145.0 4.8 3.2 6.0 
WTG 35 138.9 131.4 7.5 5.4 5.5 

WTG 36 128.9 119.2 9.7 7.5 5.0 

WTG 37 121.7 120.3 1.4 1.1 5.0 

Mean 148.1 129.7 18.4 13.1 5.4 

 

The Weibull 𝐴 parameter is less than 5 m/s, which indicates that the mean wind speed is lower 

at the wind farm site (Singh, 2015; Kumar & Nair, 2014; Kumar & Nair, 2013; Kumar & Nair, 

2012; Kumar & Prasad, 2010; Gosai, 2015; Sharma & Ahmed, 2016; Pratap, 2016; Dayal, 

2015). The Weibull 𝑘 parameter is less then 2.0, which indicates a greater deviation from the 

mean wind speed. The mean wind speed and the power density are also less than 6.4 m/s and 

300 W/m2 (Wind Power Class 3), which are the minimum requirements for utility-scale wind 

power applications using the 50 m AGL reference from NREL (NREL, 2020). 
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Table 5.7 Wind Climate Statistics 2013 - 2018 

Turbine Site 𝐴 [m/s] 𝑘 𝑈 [m/s] 𝑃 [W/m²] 

WTG 1 3.4 1.50 3.10 46 

WTG 2 3.7 1.42 3.35 64 
WTG 3 3.9 1.47 3.50 68 

WTG 4 4.1 1.48 3.75 83 

WTG 5 4.5 1.46 4.04 106 
WTG 6 4.4 1.46 4.02 105 

WTG 7 4.4 1.47 4.00 103 

WTG 8 4.1 1.44 3.76 88 
WTG 9 4.1 1.44 3.70 83 

WTG 10 4.0 1.47 3.58 74 

WTG 11 3.7 1.48 3.31 58 

WTG 12 4.0 1.51 3.62 72 
WTG 13 4.1 1.47 3.71 81 

WTG 14 3.7 1.65 3.30 49 

WTG 15 3.6 1.64 3.22 46 
WTG 16 3.6 1.58 3.21 48 

WTG 17 3.7 1.56 3.35 55 

WTG 18 4.0 1.52 3.61 72 

WTG 19 4.0 1.53 3.60 71 
WTG 20 3.9 1.56 3.47 61 

WTG 21 3.8 1.60 3.37 54 

WTG 22 3.7 1.62 3.31 50 
WTG 23 3.7 1.58 3.32 52 

WTG 24 3.9 1.54 3.50 64 

WTG 25 4.0 1.51 3.58 71 
WTG 26 3.8 1.52 3.47 64 

WTG 27 3.6 1.59 3.20 47 

WTG 28 4.0 1.45 3.63 78 

WTG 29 3.9 1.47 3.51 69 
WTG 30 3.9 1.47 3.54 71 

WTG 31 4.0 1.47 3.58 74 

WTG 32 3.9 1.44 3.53 73 
WTG 33 3.9 1.45 3.51 71 

WTG 34 3.8 1.45 3.46 68 

WTG 35 3.7 1.46 3.38 63 
WTG 36 3.7 1.47 3.32 59 

WTG 37 3.6 1.49 3.28 56 

Average 3.9 1.51 3.51 68 

 

5.4.5 Resource Maps 

Figures 5.6 – 5.8 present the high-resolution (50 m × 50 m) spatial distribution of the mean 

wind speed, wind power density and the AEP using the Vergnet 275-kW wind turbines, 

respectively. These are generated using WAsP on a 14 km × 14 km domain, surrounding the 

Sigatoka AWS and covering the Butoni wind farm and the greater Sigatoka area at 55 m AGL. 

The wind farm area is bounded by the rectangular box shown in Figure 5.6. 
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The mean wind speed, power density and the AEP in the Sigatoka area varies from 2.15 m/s – 

4.14 m/s, 14 W/m2 – 143 W/m2 and 15.9 MWh – 308.2 MWh with an average of 3.1 m/s, 52 

W/m2 and 110.8 MWh respectively, at a height of 55 m. The Sigatoka area is Class 1 and is 

not suitable for utility-scale wind power applications but maybe applicable for rural 

electrification purposes (NREL, 2020).  

 

Figure 5.6 Mean wind speed map of the Sigatoka area at 55 m AGL. 

It is concluded that the whole of Sigatoka and Butoni wind farm area are poor candidate sites 

to commission a utility-scale wind farm. Other sites that have used fewer wind turbines and 

target rural electrification have a higher wind resource potential then the current Butoni wind 

farm site (Singh, 2015; Kumar & Nair, 2014; Kumar & Nair, 2013; Kumar & Nair, 2012; 

Kumar & Prasad, 2010; Gosai, 2015; Sharma & Ahmed, 2016; Pratap, 2016; Dayal, 2015). 

Other work which has recommended utility-scale wind power applications also have a higher 

wind resource potential (Dayal, 2015; Dayal et al., 2021a).  
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Figure 5.7 Wind-power density map of the Sigatoka area at 55 m AGL. 

 

Figure 5.8 AEP map of the Sigatoka area at 55 m AGL. 
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5.3.6  Comparison of AEP  

Figure 5.9 presents a graphical comparison of the measured AEP from the Butoni wind farm 

site to that computed with WAsP. Since measured wind data is only available from the years 

2013 – 2018, the average of 6 years of WAsP AEP is used for the year 2019 for comparison. 

 

Figure 5.9 AEP comparison of the Butoni wind farm [EFL, 2019]. 

Table 5.8 presents a numerical comparison of the AEP from the Butoni wind farm to that 

calculated using WAsP from 2013 – 2018 with differences in AEP and possible explanations 

for the differences observed.  

Table 5.8 Comparison of WAsP and Measured Production from the Butoni Wind Farm 

Year 
WAsP AEP 

(MWh) 
Measured 

AEP (MWh) 
Difference 

(MWh) 
% 

Difference Explanations  

2013 5119.1 5348 -228.9 -4.3 5 WTG Partially down 

2014 
  

5182.9 
  

4269 
  

913.9 
  

21.4 
  

4 WTGs fully down and 5 
Partially down 

2015 

  

5720.4 

  

5674 

  

46.4 

  

0.81 

  

8 WTGs fully down and 3 

Partially down 
2016 

  

4640.1 

  

3632 

  

1008.1 

  

27.8 

  

8 WTGs fully down and 7 

Partially down 

2017 
  

3450.4 
  

2083 
  

1367.4 
  

65.6 
  

12 WTGs fully down and 5 
WTGs Partially down 

2018 

  

3832.6 

  

2558 

  

1274.6 

  

49.8 

  

12 WTGs fully down and 4 

WTGs Partially down 

 

For the years 2013 and 2015, the measured AEP from the Butoni wind farm are in good 

agreement with that modelled by WAsP with a difference of 229 MWh and 46 MWh, which is 

4.3 % underestimated and 0.81 % overestimated by WAsP, respectively. For the other years 
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2014, 2016 – 2018, WAsP over-predicts the AEP from 913.9 MWh (21.4 %) to 1367.4 MWh 

(65.6 %). The overprediction in WAsP AEP is due to the partially down wind turbines being 

operational in the wind farm for the entire duration of the study period, but in the real wind 

farm there are of order 3 – 7 wind turbines, which were partially operational due to maintenance 

issues. The wind turbines that have been out of operation for the individual years have been 

excluded from the modeling work. The performance of the wind turbines in the wind farm has 

deteriorated over time as they face operation and maintenance issues whereas in the WAsP 

model all wind turbines considered are functioning ideally every year without problems. This 

is another reason for the overprediction in the WAsP AEP in comparison with the AEP from 

the Butoni wind farm for the individual years. 

5.4.6 Wind Farm Economics 

Wind farm economics include important monetary information about the economic viability of 

a wind farm site or wind power project. Table 5.9 presents an approximate economic analysis 

of the Butoni wind farm in Fiji with all costs in Fijian Dollars (FJD). The total cost of the 10 

MW Butoni wind farm was reported to be FJD $34 M (Fiji Times, 2020), the operational and 

maintenance (O&M) costs are adopted from operational wind farms in the Oceania region 

(REN21, 2019), the feed-in-tariff is the price set by the Fiji Commerce Commission (Fiji 

Commerce Commission, 2020) for renewable energy based power plants feeding the generated 

electricity to the national electricity grid network, which amounts to FJD $0.30/kWh (fixed 

rate over the period) and a fixed charge rate (FCR) of 6.09 % (10-year average) is adopted from 

the Reserve Bank of Fiji (RBF, 2020). The AEP/year is taken as the average of the 13 years of 

operation of the wind farm which amounts to 4.621 GWh.  

Table 5.9 Economic Analysis of the Butoni Wind Farm 

Energy Economics Parameter  
Installed Capacity 10 MW 

Cost per MW $3,400,000 

O&M Costs per kWh $0.10 

AEP in kWh/year 4621923 

Feed-in-tariff / kWh $0.30 

FCR 0.0609 

Capital Costs $34,000,000 

Annual Average Return $1,386,576.90 

O&M Costs $462,192.30 

Payback Period 24.5 

Cost of Energy per kWh $0.55 
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The cost of energy generation is calculated to be FJD $0.55/kWh, which is higher than the cost 

of electricity generation from other sources of generation in Fiji (Hydro-power – FJD 

$0.20/kWh, Oil-power – FJD $0.39/kWh, Bagasse – FJD $0.28/kWh and Biomass – FJD 

$0.23/kWh) (Dornan & Jotzo, 2011). Using the wind farm capital costs, the average annual 

return from the wind farm and the feed-in-tariff, the payback period for the Butoni wind farm 

is computed to be 24.5 years, which is greater than the standard wind farm lifetime of 20 years. 

The cost of energy generation and the payback period in the current study is much higher in 

comparison with those computed in other wind energy studies in Fiji (Singh, 2015; Kumar & 

Nair, 2014; Kumar & Nair, 2013; Kumar & Nair, 2012; Kumar & Prasad, 2010; Gosai, 2015; 

Sharma & Ahmed, 2016; Pratap, 2016; Dayal, 2015), which are of the order of less than FJD 

$0.20/kWh and 10 years, respectively.  

5.5 Discussion  

The standard utility-scale wind farm application benchmarks from NREL (NREL, 2020) and 

the relevant literature (Singh, 2015; Kumar & Nair, 2014; Kumar & Nair, 2013; Kumar & Nair, 

2012; Kumar & Prasad, 2010; Gosai, 2015; Sharma & Ahmed, 2016; Pratap, 2016; Dayal, 

2015), identifies that the Butoni wind farm is situated in a weak wind speed regime of Wind 

Power Class 1, which is not suitable for utility-scale wind power applications. No other sites 

in the greater Sigatoka area, analysed by WAsP using the 14 km × 14 km resource grid show 

potential wind resources that could be utilized for viable wind farm applications. Another 

problem is the higher wind shear coefficient of 0.35 at the Butoni wind farm, which is 75 % 

higher than the normal working standard (0.20) of wind turbines, and contributes towards the 

aerodynamic loadings on the wind turbine blades and may be one of the reasons for the higher 

turbine downtime reported earlier.  

A recent 10-year (2009 – 2018) high-resolution mesoscale wind resource mapping study of the 

SIDS of Fiji using the Weather Research and Forecasting (WRF) model at a resolution of 

1 km × 1 km (Dayal et al., 2021b), also indicates that the wind speed and the power density at 

the Butoni wind farm location ranges from 3.5 m/s to 4 m/s and 50 W/m2 to 100 W/m2, 

respectively at 55 m elevation. The 1 km × 1 km mesoscale model results are similar to the 

overall results obtained with WAsP using 6 years of measured wind data from a nearby AWS, 

indicating that the wind resource falls in category of Wind Power Class 1. 

The economics suggest that the Butoni wind farm project is not an economically viable wind 

power project in term of payback period (> 20 years), capacity factor (< 0.20) and the cost of 
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energy generation exceeding other renewable and conventional power generations methods in 

Fiji.  

It is recommended that EFL transfer the poorly operating wind turbines to other locations. 

Possible other sites have been identified as Rakiraki, Nabouwalu and Udu (Dayal et al., 2021a). 

These three sites have been found to be potential wind farm sites with 5 – 6 years of wind data 

confirming the consistency of the potential of the wind resources (Dayal et al., 2021a). This 

transfer is required to optimally utilize the wind turbines within their standard available lifetime 

of 20 years, out of which 7 years remain. Since the wind resource at the identified possible 

potential wind resource sites mentioned (Dayal et al., 2021) is higher than NREL Wind Power 

Class 3, the COE will be much cheaper and or competitive to the other energy sources.  

The main limitation of this work is that it is based on the measurements from a nearby AWS 

as no time series wind data measurements could be obtained from within the wind farm. For a 

further study, it would be interesting to use the 10 years of model simulation results at the 

Butoni wind farm location from the recent mesoscale wind resource mapping study for the 

three domains of 15 km × 15 km, 5 km × 5 km and 1 km × 1 km and investigate how the 

wind resource parameters vary. 

5.6 Conclusions 

This chapter completed an analysis of the Butoni wind farm in Fiji using 6 years of 

uninterrupted near-surface wind observations (2013 – 2018) from a nearby Automatic Weather 

Station (AWS). The standard wind-industry software, Wind Atlas Analysis and Application 

Program (WAsP) is used to analyse and evaluate the wind characteristics of the wind farm and 

the surrounding areas. In addition, the modelled and operational annual energy production 

(AEP) are discussed with the related economic analysis together with the main causes for the 

under-performance of the wind farm. 

The results revealed that the average wind speed, power density and the AEP at the Butoni 

wind farm are 3.5 m/s, 68 W/m2 and 129.7 MWh/year/turbine, respectively. These wind 

resource parameters are below the standard wind speed of 6.4 m/s, power density of 300 W/m2 

and AEP of 500 MWh/year/turbine for utility-scale wind power applications at 55 m AGL. The 

main reason for the under-performance of the wind farm is that it is commissioned for a weak 

mean wind speed regime of 3.1 m/s to 4.0 m/s. The wind farm has a low capacity factor of 5.38 

% and a high wind shear coefficient of 0.35, which are also contributing factors to the wind 
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farm underperformance. An approximate economic analysis revealed that the payback time for 

the Butoni wind farm is 24.5 years and the cost of energy generation is FJD $0.55/kWh.  

This research promotes the idea that wind farm project planning via wind resource and 

economic viability assessments are fundamental prior to the installation of a grid-connected 

wind farm project in the SIDSs of the Pacific, if they intend to optimally utilize the wind 

resources to ease its dependence on diesel-based power generation. 
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Chapter 6 Evaluation of the WRF Model for 

Simulating the Surface Winds and the 

Diurnal Cycle of Wind Speed for the 

SIDS of Fiji 

 

 

This chapter presents the evaluation of the performance of the WRF model is carried out for 

simulating the surface winds and the diurnal cycle of wind speed for the small island 

developing state of Fiji at a 1.33 km × 1.33 km grid resolution using 1° × 1° gridded data from 

NCEP-FNL. Simulations are performed for an austral summer (January 2017) and an austral 

winter (July 2017) month using the dynamical downscaling and the two-way nested approach. 

A set of physics parameterization schemes together with topo_wind = 1, 2 and 

ysu_topdown_pblmix = 1 physics settings associated with YSU PBL scheme are used to correct 

the surface winds and the diurnal cycle of wind speed. The results reveal that the WRF model 

is able to capture the surface winds and the diurnal cycle of wind speed on the windward side. 

Surface winds on the leeward side and the outer islands, show positive bias especially at 

nighttime for January and at both the day and night-time for July, despite adjusting some of the 

physics settings, showing the limitations of the model. The statistical evaluation of all stations 

for January (July) showed a bias of 1.16 m/s (1.89 m/s), RMSE of 2.40 m/s (3.14 m/s), STDE 

of 1.88 m/s (2.08 m/s) and diurnal cycle correlation of 0.74 (0.68) using topo_wind = 2 and 

ysu_topdown_pblmix = 1. 
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6.1 Introduction 

Wind resource assessment is an integral part of determining the potential of wind energy for 

electrical power generation (Manwell et al., 2009; Mathew, 2006). When assessing the wind 

resource on a national basis, the application of mesoscale models is most suitable in comparison 

with other available methods (Foley et al., 2012). However, such an assessment becomes a 

challenging task when applying mesoscale models like the WRF model at high spatial 

resolution, given the high computational cost (Prein at al., 2015). For a small island state 

surrounded by vast expanses of the ocean, the weather and climate are mainly influenced by 

the land-sea interaction, which can create further modelling challenges. In addition, if such an 

island experiences wind flow from a predominant direction, the climate on either (leeward or 

windward) side of the islands could vary significantly, with the leeward (windward) side being 

much dryer (wetter). Moreover, additional difficulties may arise in the prediction of surface 

winds if the mesoscale model is unable to accurately capture significant differences in 

topography between the two sides (Lehner & Rotach, 2018).  

Two methods are available in the WRF model for correcting surface winds: firstly, topographic 

correction to represent extra drag from sub-grid topography and enhanced flow at hilltops based 

on the concept of a momentum sink term (𝑐𝑡) and makes use of the standard deviation of the 

subgrid-scale orography (𝜎𝑠𝑠𝑜) as well as the Laplacian of the topographic field (∆2ℎ) (Jimenez 

& Dudhia, 2012). The momentum sink term (𝑐𝑡) stands for the correction of topography and 

modulates the surface drag associated with vegetation in the momentum-conservation 

equation: 

𝜕𝑢

𝜕𝑡
= ⋯ − 𝑐𝑡

𝑢∗
2

∆𝑧

𝑢

𝑉
              (6.1) 

Where 𝑢 stands for the zonal wind component at the first model level, 𝑉 is the wind speed also 

at the first model level, 𝑢∗ is the frictional velocity that comes from the surface-layer scheme, 

and ∆𝑧 is the thickness of the first model layer. A similar modification is also used for the 

meridional wind equation. The momentum sink term is defined using thresholds, so 𝑐𝑡 is larger 

over valleys and in areas with large 𝜎𝑠𝑠𝑜, and tends to zero when ∆2ℎ <  −20 𝑚, assuming no 

drag over hills and mountaintops. It was found that this correction was successful in reducing 

the large biases found in surface wind speed over-estimation in flat and valley regions (Jimenez 

& Dudhia, 2012). 
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Secondly, a simpler terrain variance-related correction, which determines the subgrid terrain 

variance and makes the surface drag, or roughness, used in the model, dependent on it; also 

included is additional consideration for stability and wind speed (Mass & Ovens, 2011).  

The WRF model has been used to study various atmospheric parameters, which includes 

temperature and precipitation (El-Samra et al., 2018), relative humidity (Kryza et al., 2017), 

low-level jets (Storm et al., 2009), wind speed and wind direction (De-Meij et al., 2016), 

extreme winds (Larsén et al., 2013) and fire weather index Simpson et al., 2013) amongst many 

others over larger landmasses. The WRF model evaluation studies include evaluating winds 

and the vertical wind shear at a coastal site over western Denmark (Caroline et al., 2012), 

performance evaluation for assessing wind resource in Greece (Giannaros et al., 2017), ability 

to reproduce surface wind direction over complex terrain in the Iberian Peninsula (Jimenez & 

Dudhia, 2013), configuration and evaluation for the study of the Hawaiian regional climate 

(Zhang et al., 2012), model resolution required climatological downscaling over complex 

terrain along the Eastern Mediterranean (El-Samra  et al., 2018), and wind simulation and wind 

energy estimates for Portugal (Carvalho et al., 2014). Typically, for these studies low biases 

are found between the observed wind speeds and the simulated wind speeds. It was also found 

that the WRF model has a tendency to overestimate the low wind speeds and underestimate the 

higher wind speeds.   

To date, most downscaling studies for numerous atmospheric parameters have been conducted 

in the mid-latitude regions of the Northern Hemisphere and relatively few have examined semi-

arid or tropical locations. 

In this study, we consider Fiji, which is a small island developing state (SIDS) located in the 

tropical southwest pacific, with a poorly exploited wind resource and limited knowledge of the 

wind energy potential. Fiji falls in the trade winds zone with a predominant southeast wind 

direction and has a tropical marine climate with austral summer (wet season, Nov -Apr) and 

austral winter (dry season, May - Oct). For a semi-arid tropical country, one of the most 

important wind resource parameters of the surface winds is the diurnal cycle of the wind speed, 

which is representative of the land and sea breeze along with the dominant seasonal winds. The 

WRF numerical weather prediction model can be used to create knowledge about mesoscale 

surface winds and the diurnal cycle of the wind speed for the SIDS of Fiji. 

This study aims to apply the dynamical downscaling method to the semi-arid tropical location 

of the southwest pacific region to evaluate the capability of the WRF model in simulating the 
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surface winds (10 m) and the diurnal cycle of wind speeds for the SIDS of Fiji, for an austral 

summer and an austral winter month.  

6.2 Methodology 

6.2.1  Study area and measured wind data 

Figure 6.1 shows the study area (d03), which is the SIDS of Fiji between the latitudes of 15.5 

°S to 19.5 °S and longitudes of 177 °E to 179 °W.  

 

Figure 6.1 Map of the study area (d03) including locations of the 19 AWS (Source: 

Google Earth). 

Fiji has more than 332 islands with a total land area of 18,333-km2 spread over a sea surface 

area of 1.3 million km2. One-third (110) of these islands are inhabited. Around 87 % of the 

total land area is taken up by the two largest islands of Viti Levu (10,400 km2) and Vanua Levu 

(5,540 km2). The islands are of volcanic origin, mountainous and with maximum peaks of 1300 

m. This study focuses on the two larger islands, and other islands that fall within d03. 



121 

 

Measured wind data at 10 m elevation is available from 19 Automatic Weather Stations 

(AWSs) located around Fiji for the months of January and July of 2017. The locations of the 

AWSs can be seen in Figure 6.1, where eleven stations are located on Viti Levu, five on Vanua 

Levu and three on the outer islands. The AWSs located on the windward side of the larger 

islands are Korolevu, Lomaivuna, Nausori, Saqani, Tokotoko and Udu. The AWSs located on 

the leeward side of the larger islands are Keiyasi, Labasa, Momi, Nadarivatu, Nadi, Rakiraki, 

Seaqaqa, Sigatoka, Wainikoro and Yaqara. The AWSs located on the outer islands are Koro 

Island, Viwa and Vunisea. Table 6.1 shows the summary of the characteristics of the AWSs 

from which the wind observations are retrieved. The elevation is given in meters above sea 

level (m a.s.l.). Also, included are the model terrain heights of the closest grid point to each of 

these AWS locations. 

Table 6.1 Details and position of the AWSs 

Station  

name 

Latitude  

(° S) 

Longitude 

(° E) 

Elevatio
n  

(m a.s.l.) 

Elevation in 
WRF  

(m a.s.l.) 

Keiyasi  -17.8795 177.7552 89.8 79.7 

Koro Island  -17.3450 179.4184 108.8 174.7 
Korolevu  -18.2129 177.7304 25.7 39.8 

Labasa  -16.4333 179.4000 8.5 4.5 

Lomaivuna  -17.8714 178.3601 122.1 125.2 
Momi  -17.8952 177.2668 43.8 24.5 

Nadarivatu  -17.5676 177.9632 824.1 701 

Nadi  -17.7599 177.4448 20.7 11.7 

Nausori  -18.0464 178.5591 5.7 5.2 
Rakiraki  -17.3404 178.2214 8.1 0.7 

Saqani  -16.4749 179.7089 30.0 39.1 

Seaqaqa  -16.4758 179.1578 101.8 109.4 
Sigatoka  -18.1422 177.5039 6.7 37.8 

Tokotoko  -18.2186 178.1700 4.9 5.6 

Udu  -16.1411 -179.9947 43.7 0.9 
Viwa  -17.1494 176.9117 2.0 0.7 

Vunisea  -19.0469 178.1654 31.9 35.9 

Wainikoro  -16.3044 179.5586 15.1 28.8 

Yaqara  -17.4330 177.9774 20.0 8.8 

 

6.2.2  Model and simulation setup 

The study used the Advanced Research WRF (ARW) (Skamarock et al., 2008; Wang et al., 

2018) atmospheric mesoscale model version 3.9.1. The dynamical downscaling method was 

used for running the simulations using the WRF model. This method uses the output from 

General Circulation Models (GCM) as input initial and boundary conditions to drive a regional 

numerical model to simulate atmospheric parameters at a high spatial resolution via direct 
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nesting, taking into account the local conditions (Horvath et al., 2012; Foley et al., 2012; 

Hewitson & Crane, 1996).  

The initial and boundary conditions for Fiji were obtained from 6-hourly NCEP-FNL (Final) 

Operational Global Analysis data at 1° × 1° grid resolution (NCEP/NWS/NOAA/U.S. Depart. 

of Commerce, 2020). The static fields for topography were obtained from USGS GMTED2010, 

land-water masks, land use/land cover classification and albedo, etc., were obtained and 

interpolated from the 21-class MODIS and MODIS FPAR, all these made available from the 

National Center for Atmospheric Research (NCAR) database (NCAR, 2020), at a resolution of 

30-arc-seconds. Time-varying SSTs were supplied to the model from NCEP-NOAA at 

0.083° × 0.083° grid resolution (NCEP-NOAA, 2020).  

 

Figure 6.2 WRF domain d01, d02 and d03 with 20 km, 4 km and 1.33 km resolutions 

respectively. 

The NCEP-FNL data were downscaled by the WRF model using three domains as illustrated 

in Figure 6.2. The outermost domain hereafter referred to as d01, second d02 and the innermost 

as d03. The grid size for the domains is reduced by a factor of 5 from 20 km in d01 to 4 km in 

d02 and by a factor of 3 from 4 km in d02 to 1.33 km in d03. The 20 km – 4 km – 1.33 km 

nested grids have been used because the islands are smaller, and the topography changes every 
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100 – 500 m. The standard practice of using a 3:1 or 5:1 parent-grid ratio has been followed 

(Skamarock et al., 2008; Wang et al., 2018). A two-way nesting approach is applied, whereby 

the flow of information goes from the coarser domains to the finer domains, with feedback 

from the inner domains. The averaged values over the grid points from the inner domain are 

sent back to the parent domains to overwrite values at corresponding grid points. The two-way 

nesting approach was used so that the coarser grid results can be improved using the higher-

resolution grid results of the inner domain in case of resource mapping for the outer domains. 

As in this way, the results from a better resolved topography of the finest grid is used to 

overwrite the results of the outer grids improving its results. The centre of d01 is at a latitude 

of 17.73 °S and longitude of 177.94 °E, which corresponds to the centre of Viti Levu. The 

Mercator projection is used as recommended for lower latitudes (Skamarock et al., 2008; Wang 

et al., 2018). The areas covered by each of the domains are: d01 = 2000 km × 2000 km, 

d02 = 604 km × 604 km and d03 = 397 km 405 km at horizontal resolutions of 20 km ×

20 km, 4 km ×  4 km and 1.33 km × 1.33 km respectively. The vertical structure of the three 

domains consists of 30 terrain-following vertical coordinates, including eight levels below 1 

km, as the interest is in the lower part of the atmosphere closer to surface. This was done to 

balance between the computational cost and the computational time. A timestep of 10 seconds 

is used in d03 to ensure numerical stability as recommended (Skamarock et al., 2008; Wang et 

al., 2018). 

The tropical suite of the physics parameterization scheme (Skamarock et al., 2008; Wang et 

al., 2018) was used, which included the RRTMG longwave and shortwave radiation schemes 

(Iacono  et al., 2008), the WRF single-moment 6-class microphysics scheme (Hong & Lim, 

2006), the New Tiedtke cumulus parameterization scheme (Zhang & Wang, 2017), the Noah 

land surface model (Tewari et al., 2004), the MM5 Similarity scheme (Beljaars, 1994) for the 

surface layer, and the Yonsei University Planetary Boundary Layer scheme (Hong et al., 2006). 

These are well-tested physics parameterization schemes in WRF applications in the tropics 

(Wang et al., 2018). 

The monthly simulations were performed on the New Zealand eScience Infrastructure (NeSI) 

High Performance Computer – Mahuika for a simulation time of 3 days for the 34 day monthly 

simulations. The first 6.35 hours of simulation, which is equivalent to 3 days, are considered 

to be spin-up time for the simulations and are excluded from the analysis. Even though a period 

of one year is considered sufficient to capture diurnal and seasonal variations for wind resource 

assessments (Al-Yahyai et al., 2010), in our case one month of either season is considered. This 
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is done to evaluate if the model is able to simulate the surface winds and the diurnal cycle of 

wind speeds before longer simulations in the order of few years to 10 years can be simulated. 

All the results discussed in the chapter are 1-hourly values retrieved from the inner most 

domain (d03) at 10-metre height above the ground from the same points as the AWS locations. 

The grid cell containing the station in the domain is used to achieve this. Table 6.1 lists the 

model terrain height for the closest grid point to each of the 19 AWSs. 

Additional physics settings were used to correct the surface winds and the diurnal cycle of wind 

speed for January 2017 against ground-based measurements from AWSs. These included 

topo_wind = 0/1/2, ysu_topdown_pblmix = 1, Varsso = 30 arc seconds, changing the surface 

layer scheme from MM5 (sf_sfclay_physics = 91) to Modified MM5 (sf_sfclay_physics = 1) 

and doubling surface roughness for the dominant land use categories. The surface roughness 

was doubled in an attempt to see if there is any improvement in the model mean wind speed 

and the diurnal cycle of wind speed. Doubling the surface roughness made the surface winds 

almost constant throughout the entire day with limited diurnal variation. These were done to 

see what effect each of the settings had on the surface winds and the diurnal cycle of wind 

speed and if these could improve the model results. Then, the best setting was used to simulate 

the surface winds for July 2017. 

6.2.3  Model Evaluation 

The 10 m surface winds simulated by the model were validated using measurements from the 

19 AWSs. The three statistical parameters used for evaluation are according to (Carvalho et 

al., 2012). The Root Mean Squared Error (RMSE) was used, which represents the deviation 

between the simulated 𝑀𝑖 and respective observed 𝑂𝑖 data in the same place and time instant, 

and N is the total number of data points:  

𝑅𝑀𝑆𝐸 = [
1

𝑁
∑ (𝑀𝑖 − 𝑂𝑖)2𝑁

𝑖=1 ]

1

2
        (6.2) 

The Bias was used for the evaluation of the data tendency. A positive (negative) bias means 

the simulations overestimate (underestimate) the measured values: 

𝐵𝑖𝑎𝑠 =
1

𝑁
∑(𝑀𝑖 − 𝑂𝑖)

𝑁

𝑖=1

             (6.3) 

The Standard Deviation Error (STDE) was used to evaluate the dispersion of the error between 

observed and simulated data:  
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𝑆𝑇𝐷𝐸 = [
1

𝑁
∑(𝑀𝑖 − 𝑂𝑖)

2 − 𝐵𝑖𝑎𝑠2

𝑁

𝑖=1

]

1
2

        (6.4) 

Priority is given to STDE, and this assumption comes from the fact that, even if a simulation 

has a high RMSE or Bias, if the STDE is low it means that the error is somewhat constant and 

can be seen as a kind of offset and the simulation physics is correct. If a simulation has a high 

STDE, the error is random and the simulation has low physical meaning, even if it has a 

relatively low RMSE or Bias (Carvalho et al., 2012; Emery et al., 2001). 

The Pearson correlation coefficient was used to evaluate the diurnal cycle. The Pearson 

correlation coefficient is a statistical measure that calculates the strength of the relationship 

between the relative movement of two variables; in our case, the simulated and measured 

monthly averaged diurnal values. 

6.3 Results and Discussion 

Table 6.2 presents the evaluation of the surface winds and the diurnal cycle of wind speed for 

the different physics settings. The best model configuration tested was with the topo_wind = 2 

and ysu_topdown_pblmix = 1 physics settings for d03 as it has the lowest STDE and Bias for 

the surface winds and the highest diurnal cycle correlation of wind speed for January 2017. 

Table 6.2 Evaluation of surface winds and the diurnal cycle for different physics 

settings 

Physics settings Month Observed 

Mean 

(m/s) 

WRF 

Mean 

(m/s) 

Bias 

(m/s) 

RMSE 

(m/s) 

STDE 

(m/s) 

Diurnal 

Cycle 

Correlation 
(%) 

topo_wind = 1 

ysu_topdown_pblmix = 1 

Jan 2.23 3.47 1.24 2.40 1.88 0.64 

topo_wind = 2 

ysu_topdown_pblmix = 

1 

Jan 2.23 3.39 1.16 2.40 1.88 0.74 

topo_wind = 1 

ysu_topdown_pblmix = 1 

Varrso = 30 s 

Jan 2.23 3.45 1.22 2.38 1.89 0.69 

topo_wind = 2 
ysu_topdown_pblmix = 1  

Modified MM5  

Jan 2.23 3.49 1.26 2.38 1.88 0.67 

Topo_wind = 0  
Major roughness 

categories doubled 

Jan 2.23 3.50 1.27 2.40 1.90 0.66 

topo_wind = 2 

ysu_topdown_pblmix = 

1 

Jul 3.37 5.26 1.89 3.14 2.08 0.68 
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The WRF simulated average wind speed over all the locations in January (July) is 3.39 m/s 

(5.26 m/s), with a bias of 1.16 m/s (1.89 m/s), RMSE of 2.40 m/s (3.14 m/s), STDE of 1.88 

m/s (2.08 m/s) and diurnal cycle correlation of 0.74 (0.68). The observed and the model 

dominant wind direction is southeasterly. Since the STDE for both months studied is ≤ 2 m/s, 

this indicates that the model physics is correct (Carvalho et al., 2012; Emery et al., 2001). The 

mean value across all the AWSs is used in Table 6.2 to evaluate the overall model performance 

for the 19 AWSs and the 5 different scenarios for evaluating the surface winds and the diurnal 

cycle wind speed.   

Tables 6.3 and 6.4 present the individual statistical evaluation of surface winds and the diurnal 

cycle of wind speed respectively, for each AWS for January and July of 2017. AWSs located 

on the windward side and in relatively flat terrain have a lower bias and higher diurnal cycle 

correlation. AWSs located on the leeward side, outer islands and in complex terrain have a 

higher bias and a lower diurnal cycle correlation. This indicates that the terrain on the leeward 

side is not adequately resolved in the model. 

Table 6.3 Evaluation of surface winds and the diurnal cycle of wind speed for Fiji for 

Jan 2017 

Station 

Measured  

Mean (m/s) 

WRF Mean  

(m/s) 

Bias  

(m/s) 

RMSE 

 (m/s) 

STDE  

(m/s) 

Diurnal Cycle  

Correlation % 

Keiyasi 1.00 3.60 2.62 3.38 2.10 0.91 

Koro Island 2.62 3.50 0.87 2.08 1.89 0.59 

Korolevu  3.18 4.22 1.04 2.57 2.25 0.89 

Labasa 1.21 3.25 2.04 2.63 1.66 0.86 

Lomaivuna 1.69 1.97 0.27 1.29 1.26 0.95 

Momi 3.56 3.96 0.40 2.21 2.10 0.94 

Nadarivatu 1.67 3.90 2.22 2.99 2.00 -0.33 

Nadi 2.73 3.66 0.93 2.70 2.40 0.93 

Nausori 1.40 1.51 0.11 1.46 1.46 0.95 

Rakiraki 4.08 3.34 -0.73 2.31 2.20 0.74 

Saqani 1.65 3.43 1.78 2.34 1.53 0.45 

Seaqaqa 1.17 3.41 2.24 2.82 1.72 0.95 

Sigatoka 1.77 4.24 2.47 3.26 2.12 0.86 

Tokotoko 2.14 1.83 -0.31 1.17 1.13 0.97 

Udu 3.55 3.59 0.03 1.83 1.83 0.40 

Viwa  2.42 4.50 2.08 3.01 2.18 0.46 

Vunisea 2.30 3.70 1.40 2.98 2.50 0.84 

Wainikoro 1.00 3.10 2.09 2.55 1.46 0.93 

Yaqara 3.26 3.81 0.55 2.08 2.01 0.75 

Average 2.23 3.40 1.16 2.40 1.88 0.74 
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Table 6.4 Evaluation of surface winds and the diurnal cycle of wind speed for Fiji for 

Jul 2017 

Station 

Measured  

Mean (m/s) 

WRF Mean 

 (m/s) 

Bias  

(m/s) 

RMSE  

(m/s) 

STDE  

(m/s) 

Diurnal Cycle  

Correlation % 

Keiyasi 1.10 5.63 4.53 4.99 2.11 0.46 
Koro Island 4.31 6.17 1.86 2.56 1.77 0.50 

Korolevu  3.24 6.14 2.90 3.63 2.17 0.83 

Labasa 2.20 5.24 3.05 3.84 2.34 0.83 

Lomaivuna 1.97 2.24 0.27 1.22 1.19 0.91 
Momi 4.68 5.84 1.16 2.61 2.34 0.87 

Nadarivatu 3.29 5.98 2.70 3.28 1.87 0.45 

Nadi 3.31 5.49 2.18 3.28 2.45 0.81 
Nausori 1.55 1.61 0.06 1.34 1.34 0.98 

Rakiraki 6.96 5.29 -1.67 2.93 2.41 0.84 

Saqani 2.83 5.50 2.67 3.31 1.95 0.43 

Seaqaqa 1.58 5.44 3.86 4.48 2.28 0.65 
Sigatoka 1.96 6.18 4.23 4.76 2.19 0.83 

Tokotoko 2.47 2.21 -0.25 1.38 1.36 0.90 

Udu 7.09 6.34 -0.75 2.59 2.48 0.71 
Viwa  4.85 6.08 1.23 3.37 3.14 0.83 

Vunisea 3.40 7.16 3.76 4.35 2.18 -0.12 

Wainikoro 2.27 5.22 2.95 3.57 2.01 0.87 
Yaqara 4.99 6.12 1.12 2.19 1.88 0.41 

Average 3.37 5.26 1.89 3.14 2.08 0.68 

 

Figures 6.3 and 6.4 present the wind speed diurnal cycles for austral summer (January) and 

austral winter (July) of 2017, for the windward and the leeward sides of the main islands and 

the outer islands. Long observational datasets available in the order of 2 – 8 years have similar 

diurnal cycle patterns for the months of January and July of 2017 used in this study. The WRF 

model is able to simulate the full diurnal cycle of wind speed on the windward side stations for 

both January and July. For the leeward side and the outer island stations, the model is able to 

simulate the daytime wind speed but there is a positive bias in the night-time for January. For 

July, the modelled wind speeds for both the outer islands and the leeward side, show poor 

diurnal cycle predictions, and a positive bias for both the day and the night-time. The possible 

reasons for the observed bias include the limitations of the model in terms of the errors 

associated with the coarse resolution input data used as initial and boundary conditions, 

resolution of the domain, terrain and vegetation characteristics and the complexity of the terrain 

and its representation in the model (Awan et al., 2011). The choice of physical schemes can 

also contribute to errors in the model, as these schemes are based on assumptions, and these 

assumptions may fail, or give an inadequate response to certain synoptic forcing, limiting their 

application (Awan et al., 2011), for instance the PBL scheme works better during the day than 

at night (Holtslag et al., 2013). 
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Figure 6.3 Wind speed diurnal cycle for different locations in Fiji for Jan 2017. 

 

Figure 6.4 Wind speed diurnal cycle for different locations in Fiji for Jul 2017. 

Figures 6.5 and 6.6 show the average 10 m wind speeds for the austral summer (January) and 

austral winter (July) of 2017. The winds in austral summer (austral winter) are lower (higher) 

in the order of 1 – 4.5 m/s (1 – 8 m/s) over land areas. Higher wind speeds are observed in the 

windward side and western and eastern near-offshore areas of the larger islands, and in the 

channel (Bligh Waters) between the two larger islands.  

Wakes generated by the island’s topography are observed from islands during summer and 

mostly one island during winter. This is due to the presence of higher altitude topography on 
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Viti Levu and the southeast trade winds, which are more persistent during austral winter. 

During austral summer, the trade winds are weaker, and the wind climate is dominated by 

synoptic systems. 

 

Figure 6.5 Average 10 m elevation wind speed of Fiji for a month of austral summer 

(Jan 2017). 

The results of the simulations are useful for the wind industry as it presents the first validated 

mesoscale wind-resource maps for either month of the two different seasons for the SIDS of 

Fiji. The spatial distribution of the surface wind speeds indicates areas of lower, moderate and 

higher winds probable for potential wind resource sites, which can be further investigated once 

simulations in the order of 5 – 10 years are performed. It also shows that the SIDS of Fiji has 

areas of moderate and higher winds, which can be utilized for power generation using wind 

turbines. 
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For the purpose of long term (i.e. in the order of 5 – 10 years) mesoscale wind resource 

assessment for a SIDS like Fiji, it is fundamental to predict correct surface winds and especially 

the diurnal cycle of wind speed. The diurnal cycle is a representation of the land and the sea 

breeze interaction of the tropical island location with the vast ocean component surrounding 

the islands. Once long-term mesoscale wind-resource results are available, it can assist the 

SIDS of Fiji to identify potential wind resource sites, which can be utilized for future wind 

farm developments to assist the country towards its renewable electrical power generation.   

 

Figure 6.6 Average 10 m elevation wind speed of Fiji for a month of austral winter (Jul 

2017). 

For a further study, a grid sensitivity study is recommended to identify an appropriate model 

grid size that is able to capture the surface winds and especially the diurnal cycle of wind speed 
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not only on the windward side but also on the leeward side. The AWSs on the leeward side are 

mostly located in complex terrain, thus, it would be interesting to see the effect of reduced grid 

sizes in the order of 1 km × 1  km and 0.8 km × 0.8 km resolutions on the surface winds and 

the diurnal cycle of wind speed over the SIDS of Fiji.  

6.4 Conclusions 

An evaluation of the WRF model to simulate the surface winds and the diurnal cycle of wind 

speed has been carried out for the SIDS of Fiji at a high spatial resolution of 1.33 km × 1.33 

km. The NCEP-FNL 1deg atmospheric input data was used to drive the WRF model 

simulations via two-way nested approach for an austral summer (January) and an austral winter 

(July) month of 2017. A set of physics parameterization schemes were tested with additional 

physics settings associated with the YSU PBL scheme to correct the surface winds and the 

diurnal cycle of wind speed against measurements from AWSs. The results showed that the 

WRF model is able to accurately capture the surface winds and the diurnal cycle of wind speed 

on the windward side. Surface winds on the leeward side and the outer islands, show positive 

bias especially at night for January and both the day and night for July, despite adjusting some 

of the physics settings, showing the limitations of the model. The statistical evaluation of all 

the stations for January (July) showed a bias of 1.16 m/s (1.89 m/s), RMSE of 2.40 m/s (3.14 

m/s), STDE of 1.88 m/s (2.08 m/s) and diurnal cycle correlation of 0.74 (0.68) using topo_wind 

= 2 and ysu_topdown_pblmix = 1.  

A grid sensitivity study is recommended to further investigate if reducing the grid size of the 

model simulation domain can better capture the surface winds and especially the diurnal cycle 

of wind speed for not only the windward side but also the leeward side AWS locations. 
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Chapter 7 Grid Sensitivity Study of the WRF 

Model for Simulating Surface Winds for 

Fiji 

 

 

 

This chapter presents a grid sensitivity analysis of the Weather Research and Forecasting 

(WRF) model for simulating the surface winds and the diurnal cycle of wind speed for the 

SIDS of Fiji. Four different sets of grid resolutions: 20 km – 4 km – 1.33 km, 20 km – 4 km – 

1 km, 20 km – 4 km – 0.8 km and 15 km – 5 km – 1 km are used with the two-way nested 

approach and 1° × 1° gridded input data from the National Centers for Environmental 

Prediction - (Final) Operational Global Analysis (NCEP-FNL) as initial and boundary 

conditions. Simulations are performed for an austral summer (January 2017) and an austral 

winter (July 2017) month using the dynamical-downscaling approach and the tropical suite of 

the physics parameterization scheme to simulate the surface winds and the diurnal cycle of 

wind speed. The results of the grid sensitivity study revealed that the optimal grid resolution 

for simulating the surface winds, the diurnal cycle of wind speed, Weibull parameters and the 

Weibull PDFs for Fiji is d03 = 1 km × 1 km. The WRF model is able to capture the surface 

winds, the diurnal cycle, the Weibull parameters and the Weibull PDFs more accurately for a 

simulation using the higher grid resolution of 1 km x 1 km in comparison with simulations 

using the 1.33 km x 1.33 km grid resolution, indicating that key elements of the topography 

are better resolved in the higher grid resolution. Therefore, the grid resolution of 1 km × 1 km 

in the grid set up of 15 km – 5 km – 1 km (d01 – d02 – d03) is recommended to be used for the 

long-term integration of the mesoscale wind-resource assessment of Fiji and the other SIDS of 

the southwest pacific region.  
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7.1  Introduction 

Mesoscale wind resource assessment requires a regional atmospheric model and high-

performance computing facilities, as such models require millions of mesh points to solve non-

linear partial differential equations for the conservation of mass, momentum, energy and 

moisture phases with fine mesh resolution. Initial and boundary conditions required for the 

solution of these equations are available from General Circulation Models (GCMs) (Hewitson 

& Crane, 1996; Horvath et al., 2012), but these are at relatively coarse resolution. The accuracy 

of the wind resource parameters depends on a number of factors, amongst which is the 

horizontal grid resolution used in the simulations. A grid sensitivity study becomes 

fundamental if the model is unable to simulate the surface winds and the diurnal cycle of wind 

speed, using previously tested grid set-ups in other regions (Horvath et al., 2012; Al-Yahyai et 

al., 2010).  

A grid sensitivity study is an evaluation of the sensitivity of a numerical solution to grid size. 

In the context of mesoscale wind resource assessment, a horizontal grid resolution study is 

most useful when prominent topographical features are present. In this case, the ability to 

reproduce the winds observed at ground-based stations requires fine scale modelling of the 

topography. The grid size determines how well the topography is resolved in the model and the 

surface winds are strongly impacted by topography (Horvath et al., 2012; Al-Yahyai et al., 

2010; Lehner & Rotach, 2018).  

The Weather Research and Forecasting (WRF) model is one of the most commonly used tools 

for mesoscale wind-resource assessment. In the context of wind resource predictions, it has 

been used to study mean wind speed and wind direction (De-Meij, 2016), extreme winds 

(Larsén et al., 2013), vertical wind shear (Caroline et al., 2012) and performance evaluation 

studies of surface winds (Giannaros et al., 2017), amongst many others.  

The WRF model has been used for studies evaluating the sensitivity of wind predictions to grid 

resolution. For example, the WRF model was used to simulate the wind for an area of high 

wind energy in a complex terrain in central Portugal using three nested domains of 90 km × 90 

km, 18 km × 18 km and 3.6 km × 3.6 km, and later an additional 4th domain of 1.2 km × 1.2 

km to evaluate the grid sensitivity (Carvalho et al., 2012). It was reported that the increase in 

resolution alone did not significantly improve the model performance for evaluating wind 

resources but requires significantly higher computational resources. This suggests that for the 
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WRF model, below a determined domain resolution, the model performance is not significantly 

improved by increases in resolution (Carvalho et al., 2012). 

In another study, a sensitivity analysis of the WRF model for wind-resource assessment of 

complex terrain was conducted for simulations of the wind in the northern Iberian Peninsula 

using four nested domains of 27 km × 27 km, 9 km × 9 km, 3 km × 3 km and 1 km × 1 km for 

15 days of May 2015 for grid sensitivity evaluations excluding the largest domain of 27 km × 

27 km (Fernández-González et al., 2018). The results revealed a sharp improvement in the 

accuracy of the model for predicting wind speed magnitude when model resolution was 

increased to 1 km × 1 km indicating that high horizontal resolution is useful for realistically 

simulating surface wind flow over the complex terrain present in the study area. It was also 

reported that the model accuracy of wind speed hindcast improves with increase in altitude 

(Fernández-González et al., 2018).  

The WRF model methodology for offshore wind energy applications over the North Sea during 

March 2005 was conducted for the sensitivity to different horizontal resolutions 

(Giannakopoulou & Nhili, 2014). Four nested domains of 27 km × 27 km, 9 km × 9 km, 3 km 

× 3 km and 1 km × 1 km were used to evaluate the model performance for further reducing the 

grid resolution from 3 km × 3 km to 1 km × 1 km. The results revealed that 3 km × 3 km was 

the optimal grid resolution and that the finest 1 km × 1 km grid spacing did not bring 

improvement in the WRF results and was not worth considering for offshore wind energy 

applications over the North Sea. It was also reported that the 3 km × 3 km grid resolution 

created precise offshore wind resource maps of the study area (Giannakopoulou & Nhili, 2014). 

In Chapter 6, the WRF model was evaluated for simulating the surface winds and the diurnal 

cycle of wind speed for two calendar months, one of austral summer (January 2017) and 

another of austral winter (July 2017) at a grid resolution of 1.33 km × 1.33 km using three two-

way nested domains of 20 km × 20 km, 4 km × 4 km and 1.33 km × 1.33 km against 19 

Automatic Weather Stations (AWSs) (Dayal et al., 2020a). The results revealed that the model 

was able to correctly capture the surface winds and the diurnal cycle of wind speed on the 

windward side (relative to the predominant SE winds) of the Fiji Group. Surface winds on the 

leeward side and the outer islands, however, showed substantial bias particularly at night for 

January and during both day and night-time for July 2017. A grid sensitivity study was 

recommended to reduce the grid size further, as it was suspected that the topography was not 

adequately resolved at a grid resolution of 1.33 km × 1.33 km.  
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This chapter carries out a grid sensitivity analysis using the WRF model, for simulating the 

surface winds (10 m) and the diurnal cycle of wind speed for the SIDS of Fiji. It evaluates the 

extent to which an increase in the WRF model spatial resolution influences the wind speed, the 

diurnal cycle, the Weibull parameters and the Weibull probability density function (PDFs) 

estimates. The study also aims to determine an optimal grid resolution that can be utilized for 

the long-term integration of the mesoscale wind-resource assessment for Fiji.  

Section 7.2 of this chapter describes the methodology, the results are presented in section 7.3, 

then discussed in section 7.4 and the conclusions are presented in section 7.5.  

7.2 Methodology 

The information about the study area, measured wind data, the WRF model and the initial and 

boundary conditions are presented in chapter 6. An overview of the general methodology is 

presented in Section 3.4.2 – Grid Sensitivity Study. 

For the resolution study, the NCEP-FNL data were downscaled by the WRF model for three 

additional sets of grid resolutions (d01 – d02 – d03): 20 km – 4 km – 1 km, 20 km – 4 km – 

0.8 km and 15 km – 5 km – 1 km using the dynamical downscaling methodology and the two-

way nested approach following the recommendation from the initial study (Dayal et al., 2020a). 

The number of grid cells in d01 and d02 is the same for all the setups while for d03 the number 

of grid cells vary. For grid sets 2 and 3 the domain size is reduced to cover only the island of 

Viti Levu as shown in Figure 3.9. This was done to evaluate the grid sensitivity over a smaller 

area to save computational time. For grid set 4 a complete new set of domain configuration 

with optimal resolution of d03 was tested that had approximately 100 extra grid cells in grid 

d03 to cover an equivalent spatial area over the islands, while d01 and d02 had the same number 

of grid cells as the other tests. 

The details of the grids are presented in Table 3.3 and in Section 3.4.2. The vertical structure 

of the three domains contain 30 terrain-following vertical coordinates, including eight levels 

below 1 km. A time step of 10 seconds was used in d03 following a 3:1 parent-child grid 

timestep ratio to ensure numerical stability (Skamarock et al., 2008; Wang et al., 2018). The 

well-tested tropical suite of the physical parameterization schemes was used for all grid set-ups 

(Skamarock et al., 2008; Wang et al., 2018). The study area with the locations of the 24 AWSs 

are shown in Figure 7.1. 

The model was run for a month of austral summer (January) and a month of austral winter 

(July) of 2017 to evaluate the sensitivity of surface winds, Weibull parameters, Weibull PDFs 



136 

 

and the diurnal cycle of wind speed for the grid resolutions of 1.33 km × 1.33 km, 1 km × 1 

km and 0.8 km × 0.8 km. The model was initiated from 3 days prior to the start of either month 

and these 3 days were considered to be model spin-up time and were excluded from the 

analysis. Following the evaluation of the sensitivity to grid resolution over Viti Levu, a new 

set of domain configuration with d03 = 1 km × 1 km was modelled and evaluated against the 

initial grid set up d03 = 1.33 km × 1.33 km for the whole of Fiji. This was done to formulate 

an optimal grid set up and resolution for the long-term integration of the mesoscale wind-

resource mapping for Fiji.  

 

Figure 7.1. Map of the study area including the locations of the 24 AWSs (Original Map 

Source: Google Earth). 

The simulated 10 m hourly surface winds were validated against ground-based measurements 

from 14 to 24 AWSs depending on the grid setups. The model was evaluated using four 

statistical parameters. The Root Mean Square Error (RMSE), the Bias and the Standard 

Deviation Error (STDE) was used to evaluate the wind speed, the Bias was used to evaluate 

the Weibull parameters and the Pearson correlation coefficient was used to evaluate the diurnal 

cycle of wind speed and the Weibull probability density functions (PDFs). Background 

information about each of the statistical parameters are presented in Section 3.5.  
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7.3 Results 

This section presents the results in four parts: the statistical evaluation of the model and 

measured wind speed and the diurnal cycle correlation for the 4 grids, plots of the wind speed 

diurnal cycle for the leeward side, windward side and the outer island AWSs, the Weibull 

distribution parameters of the model and measured wind speed and the Weibull PDFs 

correlation for the 4 grids and the 10-m elevation seasonal wind speed maps for January and 

July of 2017 for d03 for the initial and the final grid resolutions for the whole of Fiji. 

7.3.1 Statistical Evaluation 

Tables 7.1 and 7.2 present the statistical evaluation of the surface winds and the correlation of 

the diurnal cycle of wind speed for d03 = 1.33 km × 1.33 km, d03 = 1 km × 1 km and d03 = 

0.8 km × 0.8 km of the 20 km – 4 km – d03 grid set up for austral summer (January 2017) and 

austral winter (July 2017) against ground-based measurements from 14 AWSs on Viti Levu, 

respectively. A significant improvement is observed in the model simulated wind speeds and 

the associated statistical parameter analysis when reducing d03 from 1.33 km × 1.33 km to 1 

km × 1 km grid resolution in the 20 km – 4 km – d03 grid set up. For January (July) the mean 

bias reduced from 0.54 m/s (0.78 m/s) to 0.13 m/s (0.42 m/s), which is a reduction of 22.2 % 

(21.5 %) from 36.4 % (50.3 %) to 14.2 % (28.8 %). The mean RMSE reduced from 1.92 m/s 

(2.36 m/s) to 1.62 m/s (1.93 m/s). The mean STDE reduced from 1.69 m/s (1.78 m/s) to 1.52 

m/s (1.67 m/s), which is low for both grids and indicates that the model adequately captures 

the physical processes. There is an improvement in the diurnal cycle correlation from 0.68 to 

0.73 for austral summer while for austral winter it is almost the same (0.65) for both grid 

resolutions.  

As for further reduction in the grid resolution of d03 = 1 km x 1 km to d03 = 0.8 km x 0.8 km 

in the 20 km – 4 km – d03 grid set up, there is no significant difference noted in the model 

simulated wind speeds and the statistical parameter analysis. The results are almost identical 

for d03 = 1 km × 1 km and d03 = 0.8 km × 0.8 km with a correlation of approximately unity 

for the model simulated wind speed, bias, RMSE, STDE and the diurnal cycle. 

Tables 7.3 and 7.4 show the statistical evaluation of the surface winds and the diurnal cycles 

of wind speed for d03 = 1 km × 1 km from the 15 km – 5 km – d03 km grid set and d03 = 1.33 

km × 1.33 km from the 20 km – 4 km – d03 grid set for austral summer (January 2017) and 

austral winter (July 2017) against ground-based measurements from the 24 AWSs in Fiji, 

respectively. 
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Table 7.1. Statistical evaluation of d03 = 1 km × 1 km and d03 = 0.8 km × 0.8 km in the 20 km – 4 km – d03 against d03 = 1.33 km × 1.33 

km for austral summer (January 2017) for 14 AWSs on Viti Levu. 

Station 

Measured  

Mean 

(m/s) 

1.33 

km 

WRF 

Mean  

(m/s) 

1.33 km 

Bias 

(m/s) 

1.33 

km 

RMSE 

(m/s) 

1.33 

km 

STDE 

(m/s) 

DC 

r 

(%) 

1 km 

WRF 

Mean  

(m/s) 

1 km 

Bias 

(m/s) 

1 km 

RMSE 

(m/s) 

1 km 

STDE 

(m/s) 

DC 

r 

(%) 

0.8 

km 

WRF 

Mean  

(m/s) 

0.8 km 

Bias 

(m/s) 

0.8 km 

RMSE 

(m/s) 

0.8 

km 

STDE 

(m/s) 

DC 

r 

(%) 

Keiyasi 1.12 2.74 1.62 2.38 1.74 0.91 1.19 0.07 0.99 0.97 0.96 1.32 0.20 1.23 1.18 0.95 

Korolevu  3.18 3.42 0.24 2.07 2.06 0.89 2.49 -0.69 1.77 1.64 0.88 2.50 -0.68 1.76 1.63 0.87 

Lomaivuna 1.69 1.63 -0.06 1.10 1.10 0.95 2.23 0.54 1.45 1.34 0.91 2.22 0.53 1.46 1.36 0.93 

Momi 3.56 3.50 -0.06 1.80 1.80 0.94 2.66 -0.90 1.94 1.72 0.70 2.55 -1.01 1.98 1.70 0.79 

Nadarivatu 1.67 3.01 1.34 2.11 1.63 -0.33 2.15 0.48 1.60 1.53 0.08 2.10 0.43 1.57 1.52 0.07 

Nadi 2.73 3.45 0.72 1.93 1.79 0.93 2.53 -0.20 1.56 1.54 0.76 2.55 -0.18 1.61 1.60 0.72 

Nausori 1.40 1.41 0.01 1.39 1.39 0.95 2.28 0.88 2.00 1.80 0.89 2.46 1.06 2.23 1.96 0.85 

Rakiraki 4.08 3.14 -0.94 2.51 2.33 0.74 3.43 -0.65 2.21 2.11 0.90 3.44 -0.64 2.24 2.15 0.90 
Rarawai 1.77 2.89 1.12 2.05 1.71 0.6 1.70 -0.07 1.24 1.23 0.92 1.67 -0.10 1.24 1.24 0.92 

RKS 1.68 3.13 1.45 2.22 1.68 -0.20 2.76 1.08 1.81 1.46 0.20 2.87 1.19 1.94 1.54 0.39 

Sigatoka 1.77 3.07 1.30 2.15 1.72 0.86 2.06 0.29 1.02 0.98 0.95 2.09 0.32 1.06 1.01 0.96 

Suva 1.74 3.00 1.26 2.20 1.81 0.50 2.51 0.77 1.73 1.69 0.62 2.77 1.03 1.93 1.82 0.65 

Tokotoko 2.14 2.02 -0.12 1.13 1.12 0.97 2.80 0.66 1.85 1.73 0.80 2.90 0.76 1.92 1.76 0.84 

Yaqara 3.26 2.87 -0.39 1.87 1.83 0.75 2.83 -0.43 1.57 1.51 0.59 2.77 -0.49 1.52 1.44 0.70 

Average 2.27 2.81 0.54 1.92 1.69 0.68 2.40 0.13 1.62 1.52 0.73 2.44 0.17 1.69 1.57 0.75 
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Table 7.2. Statistical evaluation of d03 = 1 km × 1 km and d03 = 0.8 km × 0.8 km in the 20 km – 4 km – d03 against d03 = 1.33 km × 1.33 

km for austral winter (July 2017) for 14 AWSs on Viti Levu. 

Station 

Measured  
Mean 

(m/s) 

1.33 

km 

WRF 
Mean  

(m/s) 

1.33 km 
Bias 

(m/s) 

1.33 

km 
RMSE 

(m/s) 

1.33 km 
STDE 

(m/s) 

DC 
r 

(%) 

1 km 

WRF 
Mean  

(m/s) 

1 km 
Bias 

(m/s) 

1 km 
RMSE 

(m/s) 

1 km 
STDE 

(m/s) 

DC 
r 

(%) 

0.8 

km 

WRF 
Mean  

(m/s) 

0.8 km 
Bias 

(m/s) 

0.8 km 
RMSE 

(m/s) 

0.8 

km 
STDE 

(m/s) 

DC 
r 

(%) 

Keiyasi 1.10 3.45 2.35 3.04 1.93 0.46 1.78 0.68 1.37 1.19 0.85 1.84 0.74 1.47 1.27 0.80 

Korolevu  3.24 4.83 1.59 2.29 1.65 0.83 3.75 0.51 1.52 1.43 0.93 3.71 0.47 1.57 1.50 0.94 

Lomaivuna 2.00 1.59 -0.41 1.11 1.03 0.91 2.75 0.75 1.69 1.50 0.78 2.78 0.78 1.78 1.58 0.71 

Momi 4.70 3.87 -0.83 2.09 1.92 0.87 3.23 -1.47 2.32 1.81 0.60 3.04 -1.66 2.41 1.76 0.45 

Nadarivatu 3.30 4.54 1.24 2.14 1.75 0.45 3.82 0.52 1.59 1.50 0.57 3.69 0.39 1.63 1.58 0.52 

Nadi 2.70 3.94 1.24 1.95 1.51 0.81 2.72 0.02 1.89 1.80 0.18 2.82 0.12 1.96 1.86 0.04 

Nausori 1.60 1.49 -0.11 1.32 1.31 0.98 2.96 1.36 2.57 2.15 0.30 2.91 1.31 2.53 2.13 0.28 

Rakiraki 6.96 4.59 -2.37 3.51 2.59 0.84 5.83 -1.13 2.38 2.09 0.84 5.78 -1.18 2.41 2.10 0.82 

Rarawai 1.70 3.59 1.89 2.78 2.04 0.60 1.87 0.17 1.28 1.27 0.77 1.65 -0.05 1.26 1.26 0.78 

RKS 1.90 4.61 2.71 3.16 1.62 -0.20 4.74 2.84 3.54 2.11 0.74 4.69 2.79 3.48 2.08 0.76 

Sigatoka 1.96 3.79 1.83 2.55 1.78 0.83 2.74 0.78 1.43 1.19 0.95 2.68 0.72 1.46 1.27 0.94 
Suva 2.50 4.96 2.46 3.37 2.30 0.50 2.81 0.31 1.93 1.90 0.48 2.80 0.30 1.90 1.87 0.65 

Tokotoko 2.50 2.73 0.23 1.38 1.36 0.90 3.05 0.55 2 1.92 0.85 3.03 0.53 1.93 1.84 0.89 

Yaqara 4.99 4.12 -0.87 2.35 2.18 0.41 5.01 0.02 1.54 1.54 0.26 4.91 -0.08 1.60 1.59 0.44 

Average 2.94 3.72 0.78 2.36 1.78 0.66 3.36 0.42 1.93 1.67 0.65 3.31 0.37 1.96 1.69 0.64 

 

 

 

 

 

 



140 

 

Table 7.3 Statistical evaluation of d03 = 1 km × 1 km in the 15 km – 5 km – 1 km (d01 – d02 – d03) against d03 = 1.33 km × 1.33 km for 

austral summer (January 2017) for 24 AWSs in Fiji. 

Station 
Measured  

Mean (m/s) 

1.33 km 

WRF 

Mean  
(m/s) 

1.33 km  

Bias 
(m/s) 

1.33 km 

RMSE  
(m/s) 

1.33 km 

STDE  
(m/s) 

DC 

r 
(%) 

1 km 

WRF 

Mean  
(m/s) 

1 km 

Bias 
(m/s) 

1 km  

RMSE  
(m/s) 

1 km  

STDE  
(m/s) 

DC 

r 
(%) 

Keiyasi 1.12 2.74 1.62 2.38 1.74 0.91 1.29 0.17 1.10 1.09 0.96 

Koro Is 2.62 3.17 0.55 1.69 1.60 0.59 3.10 0.48 1.74 1.67 0.60 

Korolevu  3.18 3.42 0.24 2.07 2.06 0.89 2.68 -0.50 1.74 1.67 0.92 
Labasa 1.21 2.69 1.48 2.01 1.36 0.86 2.40 1.19 2.39 2.07 0.86 

Levuka 1.40 3.60 2.20 2.53 1.24 0.10 3.32 1.92 2.34 1.34 0.60 

Lomaivuna 1.69 1.63 -0.06 1.10 1.10 0.95 2.29 0.60 1.51 1.38 0.94 
Momi 3.56 3.50 -0.06 1.80 1.80 0.94 2.74 -0.82 2.05 1.88 0.74 

Nadarivatu 1.67 3.01 1.34 2.11 1.63 0.33 2.27 0.60 1.64 1.52 0.70 

Nadi 2.73 3.45 0.72 1.93 1.79 0.93 2.68 -0.05 1.58 1.58 0.85 

Nausori 1.40 1.41 0.01 1.39 1.39 0.95 2.32 0.92 2.06 1.84 0.88 
Rakiraki 4.08 3.14 -0.94 2.51 2.33 0.74 3.78 -0.30 2.18 1.96 0.94 

Rarawai 1.77 2.89 1.12 2.05 1.71 0.6 1.56 -0.21 1.23 1.21 0.91 

RKS  1.68 3.13 1.45 2.22 1.68 0.20 2.84 1.16 1.97 1.59 0.51 
Saqani 1.65 3.89 2.24 2.81 1.70 0.45 3.11 1.46 2.76 2.15 0.62 

Seaqaqa 1.17 2.46 1.29 1.99 1.51 0.95 1.59 0.42 1.66 1.61 0.98 

Sigatoka 1.77 3.07 1.30 2.15 1.72 0.86 2.04 0.27 1.00 1.00 0.95 

Suva 1.74 3.00 1.26 2.20 1.81 0.50 2.50 0.76 2.05 1.85 0.71 
Tokotoko 2.14 2.02 -0.12 1.13 1.12 0.97 2.49 0.35 1.73 1.70 0.89 

Udu 3.55 3.45 -0.10 2.11 2.11 0.40 3.14 -0.41 2.02 1.70 0.85 

Viwa 2.42 3.49 1.07 2.64 2.42 0.46 4.16 1.74 2.59 2.00 0.55 
Vunisea 2.30 4.25 1.95 2.06 0.66 0.84 3.23 0.93 2.66 1.60 0.88 

Wainikoro 1.00 2.88 1.88 2.46 1.58 0.93 2.81 1.81 2.42 1.61 0.92 

Yaqara 3.26 2.87 -0.39 1.87 1.83 0.75 2.82 -0.44 2.11 1.75 0.85 
Yasawa 3.85 4.27 0.42 2.62 2.59 0.50 3.83 -0.02 2.62 1.75 0.80 

Average 2.21 3.06 0.85 2.08 1.69 0.69 2.71 0.50 1.96 1.65 0.81 
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Table 7.4 Statistical evaluation of d03 = 1 km × 1 km in the 15 km – 5 km – 1 km (d01 – d02 – d03) against d03 = 1.33 km × 1.33 km for 

austral winter (January 2017) for 24 AWSs in Fiji. 

Station 

Measured  

Mean (m/s) 

1.33 km 

WRF 
Mean  

(m/s) 

1.33 km 
Bias 

(m/s) 

1.33 km 
RMSE 

(m/s) 

1.33 km 
STDE 

(m/s) 

DC 
r 

(%) 

1 km 

WRF 
Mean  

(m/s) 

1 km 
Bias 

(m/s) 

1 km  
RMSE  

(m/s) 

1 km STDE 

(m/s) 

DC 
r 

(%) 

Keiyasi 1.10 3.45 2.35 3.04 1.93 0.46 1.88 0.78 1.48 1.26 0.94 

Koro Is 4.30 5.15 0.85 1.84 1.63 0.50 5.41 1.11 2.02 1.69 0.50 
Korolevu  3.24 4.83 1.59 2.29 1.65 0.83 4.12 0.88 1.70 1.46 0.92 

Labasa 2.20 4.29 2.09 2.52 1.41 0.83 3.61 1.41 2.82 2.00 0.97 

Levuka 4.10 5.00 0.90 2.13 1.93 0.10 6.40 2.30 3.25 2.30 0.50 
Lomaivuna 2.00 1.59 -0.41 1.11 1.03 0.91 2.65 0.65 1.50 1.35 0.89 

Momi 4.70 3.87 -0.83 2.09 1.92 0.87 3.51 -1.19 2.49 1.90 0.65 

Nadarivatu 3.30 4.54 1.24 2.14 1.75 0.45 3.83 0.53 1.54 1.45 0.66 

Nadi 2.70 3.94 1.24 1.95 1.51 0.81 2.89 0.19 1.80 1.79 0.85 
Nausori 1.60 1.49 -0.11 1.32 1.31 0.98 3.08 1.48 2.69 2.00 0.50 

Rakiraki 6.96 4.59 -2.37 3.51 2.59 0.84 6.58 -0.38 2.83 2.01 0.92 

Rarawai 1.70 3.59 1.89 2.78 2.04 0.60 1.49 -0.21 1.26 1.24 0.91 
RKS 1.90 4.61 2.71 3.16 1.62 -0.20 4.76 2.86 3.64 2.25 0.45 

Saqani 3.30 6.72 3.42 4.27 2.56 0.43 5.04 1.74 3.68 2.90 0.40 

Seaqaqa 1.60 4.32 2.72 3.16 1.60 0.65 3.57 1.97 4.19 2.60 0.83 
Sigatoka 1.96 3.79 1.83 2.55 1.78 0.83 2.50 0.54 1.29 1.17 0.98 

Suva 2.50 4.96 2.46 3.37 2.30 0.50 3.04 0.54 2.48 2.42 0.75 

Tokotoko 2.50 2.73 0.23 1.38 1.36 0.90 2.94 0.44 1.95 1.90 0.87 

Udu 7.10 5.91 -1.19 2.15 1.79 0.71 6.37 -0.73 1.87 1.72 0.80 
Viwa 4.90 5.90 1.00 3.64 3.50 0.83 5.79 0.89 3.25 2.90 0.50 

Vunisea 3.40 4.74 1.34 2.22 1.77 -0.12 5.57 2.17 3.16 2.15 0.75 

Wainikoro 2.20 4.68 2.48 2.87 1.44 0.87 4.22 2.02 2.55 1.56 0.96 
Yaqara 4.99 4.12 -0.87 2.35 2.18 0.41 5.18 0.19 2.88 1.90 0.85 

Yasawa 7.20 7.54 0.34 3.33 3.31 0.50 6.84 -0.36 3.61 2.10 0.70 

Average 3.39 4.43 1.04 2.55 1.91 0.60 4.22 0.83 2.50 1.92 0.75 



142 

 

In Tables 7.3 and 7.4, a significant improvement is shown in the model simulated wind speeds 

and the associated statistical parameter analysis for the higher grid resolution of 1 km × 1 km 

in comparison with the 1.33 km × 1.33 km grid resolution. For January (July) the mean bias 

reduced by 20.8 % (15.4 %) from 57.6 % (53.1 %) to 36.8 % (37.7 %). The mean RMSE 

reduced from 2.08 m/s (2.55 m/s) to 1.96 m/s (2.50 m/s). The mean STDE for both grids and 

months (January/July) is almost the same (1.65/1.91) and is low indicating that the model 

physics is captured. The diurnal cycle correlation also improved by 17.4 % (25 %) with the 

increased grid resolution from 0.69 (0.60) to 0.81 (0.75). 

7.3.2 Diurnal Cycle Plots 

Figures 7.2 – 7.5 present the wind speed diurnal cycle plots for the leeward and windward sides 

of Viti Levu for d03 = 1.33 km × 1.33 km, d03 = 1 km × 1 km and d03 = 0.8 km × 0.8 km of 

the 20 km – 4 km – d03 grid set up for austral summer (January 2017) and austral winter (July 

2017) against the measured diurnal cycle, respectively. 

An improvement is observed in the model simulated diurnal cycle plots in comparison with 

measured diurnal cycle while reducing the grid resolution of d03 from 1.33 km × 1.33 km to 1 

km × 1 km in the 20 km – 4 km – d03 grid set up as depicted in Figures 7.2 – 7.5 for both 

austral summer and austral winter for the leeward and the windward side stations. There is no 

significant difference (correlation of approximately unity) observed in the diurnal cycle plots 

for further reducing the grid resolution from d03 = 1 km × 1 km to d03 = 0.8 km × 0.8 km for 

both January and July.    

Figure 7.2. Mean wind speed diurnal cycle for the leeward side stations for 1.33 × 1.33 

km, 1 km × 1 km and 0.8 km × 0.8 km grid resolution for austral summer (Jan 2017). 
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Figure 7.3. Mean wind speed diurnal cycle for the windward side stations for 1.33 × 1.33 

km, 1 km × 1 km and 0.8 km × 0.8 km grid resolution for austral summer (Jan 2017). 

 

Figure 7.4. Mean wind speed diurnal cycle for the leeward side stations for 1.33 × 1.33 

km, 1 km × 1 km and 0.8 km × 0.8 km grid resolution for austral winter (Jul 2017). 

 

Figure 7.5. Mean wind speed diurnal cycle for the windward side stations for 1.33 × 1.33 

km, 1 km × 1 km and 0.8 km × 0.8 km grid resolution for austral winter (Jul 2017). 
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Figures 7.6 – 7.11 present the wind speed diurnal cycle plots for the leeward side, windward 

side and the outer islands AWSs of Fiji for d03 = 1.33 km × 1.33 km (of 20 km – 4 km – 1.33 

km grid set up) and d03 = 1 km × 1 km (of 15 km – 5 km – 1 km grid set up) for austral summer 

(January 2017) and austral winter (July 2017) against the measured diurnal cycle, respectively. 

Figure 7.6. Mean wind speed diurnal cycle for the leeward side stations for 1.33 km × 

1.33 km and 1 km × 1 km grid resolution for austral summer (Jan 2017). 

Figure 7.7. Mean wind speed diurnal cycle for the windward side stations for 1.33 km × 

1.33 km and 1 km × 1 km grid resolution for austral summer (Jan 2017). 

In Figures 7.6 – 7.9, a significant improvement (increase in correlation) is observed in the 

simulated diurnal cycle plots in comparison with measured diurnal cycle from the 1.33 km × 

1.33 km grid resolution of the 20 km – 4 km – 1.33 km grid set up to the 1 km × 1 km grid 
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resolution of the 15 km – 5 km – 1 km grid set up for the leeward and the windward side stations 

for both January and July of 2017. For the outer islands, an improvement is observed in the 

diurnal cycle plots for January but for July there is no significant improvement but rather both 

grid plots are somewhat identical. As for the leeward and windward side stations, a significant 

improvement is observed in the 1 km × 1 km grid resolution indicating that the topographical 

representation is better in the higher grid resolution in comparison with the 1.33 km × 1.33 km 

grid resolution. 

Figure 7.8. Mean wind speed diurnal cycle for the Outer Islands stations for 1.33 km × 

1.33 km and 1 km × 1 km grid resolution for austral summer (Jan 2017). 

Figure 7.9. Mean wind speed diurnal cycle for the leeward side stations for 1.33 km × 

1.33 km and 1 km × 1 km grid resolution for austral winter (Jul 2017). 
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The diurnal cycles are a coarse representation of the land and sea breeze circulation which is a 

commonly occurring phenomenon in the tropics. A strong diurnal cycle is observed for the 

leeward and windward sides of the larger islands for both the measured and the modelled wind 

speed. A rather weak diurnal cycle is observed for both the measured and modelled wind speed 

for the relatively smaller outer islands. This is also expected as ventilation prevents the genesis 

of the land-sea breeze circulation on relatively small islands in the tropics (Ulrich & Bellon, 

2019).  

Figure 7.10. Mean wind speed diurnal cycle for the windward side stations for 1.33 km 

× 1.33 km and 1 km × 1 km grid resolution for austral winter (Jan 2017). 

Figure 7.11. Mean wind speed diurnal cycle for the Outer Islands stations for 1.33 km × 

1.33 km and 1 km × 1 km grid resolution for austral winter (Jul 2017). 
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7.3.3 Wind Distribution and Weibull PDFs 

Table 7.5 presents the Weibull distribution parameters and the Weibull PDF correlations of 

measured and modelled wind speed for d03 = 1.33 km × 1.33 km, d03 = 1 km × 1 km and d03 

= 0.8 km × 0.8 km of the 20 km – 4 km – d03 grid set up for austral summer (January 2017) 

and austral winter (July 2017) against ground-based measurements from the 8 leeward side and 

6 windward side AWSs on Viti Levu. 

In Table 7.5 a significant improvement is observed in the model simulated Weibull 𝐴 and 

𝑘 parameters and the Weibull PDF correlations when reducing d03 from 1.33 km × 1.33 km to 

1 km × 1 km grid resolution in the 20 km – 4 km – d03 grid set up for both austral summer and 

austral winter. There is a reduction in the Weibull 𝐴 parameter mean bias by 15 – 32 % for the 

leeward side and 0 – 6.5 % for the windward side. The Weibull 𝑘 parameter bias reduced by 

27.9 – 40 % for the leeward side and 3.3 – 24.7 % for the windward side. The Weibull PDFs 

correlations improved by 6.5 – 15.1 % for the leeward side and 1 – 2.1 % for the windward 

side. There is no significant difference noted in the Weibull 𝐴 and 𝑘 parameters and the Weibull 

PDF correlations while reducing the grid side further from 1 km × 1 km to 0.8 km × 0.8 km 

with almost identical results. 

Table 7.6 presents Weibull wind speed distribution parameters evaluation of d03 = 1 km × 1 

km in the 15 km – 5 km – 1 km (d01 – d02 – d03) against d03 = 1.33 km × 1.33 km for austral 

summer (January 2017) and austral winter (July 2017) against ground-based measurements 

from the 11 leeward side, 8 windward side and 5 outer islands AWSs in Fiji. A significant 

improvement is shown in the model simulated Weibull 𝐴 and 𝑘 parameters and the Weibull 

PDF correlations for the higher grid resolution of 1 km × 1 km in comparison with the 1.33 km 

× 1.33 km grid resolution for both austral summer and austral winter. There is a reduction in 

the Weibull 𝐴 parameter bias by 20.6 – 34.8 % for the leeward side, 12 – 33.3 % for the 

windward side and 1.8 – 16.1 % for the outer islands. The Weibull 𝑘 parameter bias reduced 

by 34.5 – 41.9 % for the leeward side, 0.6 – 6.8 % for the windward side and 25 – 37 % for the 

outer islands. The Weibull PDF correlations improved by 17.3 – 21 % for the leeward side, 2.1 

– 16 % for the windward side and 10.3 – 13.3 % for the outer islands.  

Figures 7.12 – 7.15 present the Weibull PDF plots for the leeward and windward sides of Viti 

Levu for d03 = 1.33 km × 1.33 km, d03 = 1 km × 1 km and d03 = 0.8 km x 0.8 km of the 20 

km – 4 km – d03 grid set up for austral summer (January 2017) and austral winter (July 2017) 

against the measured diurnal cycle, respectively. 
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Table 7.5. Weibull Wind Distribution parameter evaluation of d03 = 1 km × 1 km and d03 = 0.8 km × 0.8 km in the 20 km – 4 km – d03 

against d03 = 1.33 km × 1.33 km for austral summer (January 2017) and austral winter (July 2017) for the 8 leeward side and 6 windward 

side AWSs on Viti Levu. 

Stations 

Measured  
Weibull  
A (m/s) 

Measured  
Weibull k 

1.33 
km 
WRF 
Weibull  
A (m/s) 

1.33 km 
A 
Bias  
(m/s) 

1.33 
km 
WRF 
Weibull  
k 

1.33 
km  
k Bias  

Weibull 
r (%) 

1 km 
WRF 
Weibull  
A (m/s) 

1 km 
A 
Bias  
(m/s) 

1 km 
WRF 
Weibull  
k 

1 
km  
k 
Bias  

Weibull 
r (%) 

0.8 km 
WRF 
Weibull  
A (m/s) 

0.8 km 
A 
Bias  
(m/s) 

0.8 km 
WRF 
Weibull  
k 

0.8 
km  
k 
Bias  

Weibull 
r (%) 

Leeward 

Side - Jan 2.8 1.45 3.60 0.80 2.34 0.89 0.86 2.70 -0.10 1.76 0.31 0.99 2.70 -0.10 1.72 0.27 0.99 
Windward 
Side - Jan 2.3 1.54 2.80 0.50 1.47 -0.07 0.98 2.80 0.50 1.85 0.31 0.97 2.90 0.60 1.74 0.20 0.96 
Leeward 
Side - Jul 4 1.54 4.40 0.40 2.16 0.62 0.93 3.80 -0.20 1.73 0.19 0.99 3.70 -0.30 1.70 0.16 0.99 
Windward 
Side - Jul 3.1 1.84 4.00 0.90 1.94 0.10 0.94 3.80 0.70 2.00 0.16 0.96 3.70 0.60 2.00 0.16 0.96 

 

Table 7.6 Weibull Wind Distribution parameter evaluation of d03 = 1 km × 1 km in the 15 km – 5 km – 1 km (d01 – d02 – d03) against 

d03 = 1.33 km × 1.33 km for austral summer (January 2017) and austral winter (July 2017) for the 11 leeward side, 8 windward side and 

5 outer islands AWSs in Fiji. 

Stations Month 

Measured  
Weibull  

A (m/s) 

Measured  

Weibull k 

1.33 km 

WRF 
Weibull  

A (m/s) 

1.33 

km A 
Bias  

(m/s) 

1.33 km 

WRF 
Weibull  

k 

1.33 
km  

k Bias  

Weibull 

r (%) 

1 km 

WRF 
Weibull  

A (m/s) 

1 km 

A 
Bias  

(m/s) 

1 km 

WRF 
Weibull  

k 

1 km  
k 

Bias  

Weibull 

r (%) 

Leeward Side Jan-17 2.3 1.29 3.40 1.10 2.24 0.95 0.81 2.60 0.30 1.70 0.41 0.98 

Windward Side Jan-17 2.5 1.58 3.10 0.60 1.63 0.05 0.97 2.80 0.30 1.64 0.06 0.99 

Outer Islands Jan-17 3.1 1.46 4.20 1.10 2.30 0.84 0.83 3.70 0.60 2.00 0.54 0.94 

Leeward Side Jul-17 3.4 1.39 4.60 1.20 2.33 0.94 0.81 3.90 0.50 1.85 0.46 0.95 

Windward Side Jul-17 3.3 1.32 4.80 1.50 2.04 0.72 0.81 3.70 0.40 1.95 0.63 0.94 

Outer Islands Jul-17 5.6 1.76 6.30 0.70 2.84 1.08 0.87 6.20 0.60 2.20 0.44 0.96 
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Figure 7.12. Weibull PDFs for the leeward side stations for the 1.33 × 1.33 km, 1 km × 1 

km and 0.8 km × 0.8 km grid resolutions for austral summer (January 2017). 

 

Figure 7.13. Weibull PDFs for the windward side stations for the 1.33 × 1.33 km, 1 km × 

1 km and 0.8 km × 0.8 km grid resolutions for austral summer (January 2017). 

 

Figure 7.14. Weibull PDFs for the leeward side stations for the 1.33 × 1.33 km, 1 km × 1 

km and 0.8 km × 0.8 km grid resolutions for austral winter (July 2017). 
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Figure 7.15. Weibull PDFs for the windward side stations for the 1.33 × 1.33 km, 1 km × 

1 km and 0.8 km × 0.8 km grid resolutions for austral winter (July 2017). 

An improvement is observed in the model simulated Weibull PDF plots when reducing the grid 

resolution of d03 from 1.33 km × 1.33 km to 1 km × 1 km in the 20 km – 4 km – d03 grid set 

up as shown in Figures 7.12 – 7.15 for both austral summer and austral winter for the leeward 

and the windward side stations on Viti Levu. There is no significant difference observed in the 

Weibull PDF plots for further reducing the grid resolution from d03 = 1 km × 1 km to d03 = 

0.8 km × 0.8 km for both January and July as both have almost identical Weibull PDF 

correlations of 0.96 – 0.99 for the leeward and the windward sides of the austral summer and 

austral winter.   

Figures 7.16 – 7.21 present the Weibull PDFs plots for the leeward side, windward side and 

the outer islands’ AWSs for d03 = 1.33 km × 1.33 km (of 20 km – 4 km – 1.33 km grid set up) 

and d03 = 1 km × 1 km (of 15 km – 5 km – 1 km grid set up) for austral summer (January 

2017) and austral winter (July 2017) against the measured Weibull PDFs, respectively. In 

Figures 7.16 – 7.21, a significant improvement (increase in correlation) is observed in the 

Weibull PDF plots in comparison with measured PDF plots from the 1.33 km × 1.33 km grid 

resolution of the 20 km – 4 km – 1.33 km grid set up to the 1 km × 1 km grid resolution of the 

15 km – 5 km – 1 km grid set up for the leeward, windward and the outer islands stations for 

both January and July of 2017. The significant improvement observed in the 1 km × 1 km grid 

resolution indicates that the topographical representation is better for the case with the higher 

grid resolution in comparison with that of the 1.33 km × 1.33 km grid resolution. The tendency 

of the WRF model to overestimate lower wind speeds and underestimate medium to higher 

wind speeds are observed in the Weibull PDFs plots for all the domains resolutions tested. 
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Figure 7.16. Weibull PDFs for the leeward side stations for the 1.33 km × 1.33 km and 1 

km × 1 km grid resolutions for austral summer (January 2017). 

Figure 7.17. Weibull PDFs for the windward side stations for the 1.33 km × 1.33 km and 

1 km × 1 km grid resolutions for austral summer (January 2017). 

 

Figure 7.18. Weibull PDFs for the Outer Islands stations for the 1.33 km × 1.33 km and 

1 km × 1 km grid resolutions for austral summer (January 2017). 
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Figure 7.19. Weibull PDFs for the leeward side stations for the 1.33 km × 1.33 km and 1 

km × 1 km grid resolutions for austral winter (July 2017). 

Figure 7.20. Weibull PDFs for the windward side stations for the 1.33 km × 1.33 km and 

1 km × 1 km grid resolutions for austral winter (July 2017). 

 

Figure 7.21. Wind speed diurnal cycle for the Outer Islands stations for the 1.33 km × 

1.33 km and 1 km × 1 km grid resolutions for austral winter (July 2017).
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7.3.4 Seasonal Wind Speed Maps 

Figures 7.22 – 7.23 present the average 10 m monthly wind speed maps for each of the months 

of austral summer (January) and austral winter (July) of 2017 for the 20 km – 4 km – d03 grid 

set for d03 = 1.33 km × 1.33 km.  

For the 1.33 km × 1.33 km grid resolution, the winds in austral summer (austral winter) are 

lower (higher) in the order of 1 to 4.5 m/s (1 – 8 m/s) over land areas. Higher wind speeds are 

observed in the windward side and western and eastern near-offshore areas of the larger islands, 

inland higher altitude areas of the larger islands and in the channel between the two larger 

islands. 

 

Figure 7.22. Average 10 m elevation wind speed for Fiji at 1.33 km × 1.33 km grid 

resolution for a month of austral summer (January 2017). 
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Figure 7.23. Average 10 m elevation wind speed for Fiji at 1.33 km × 1.33 km grid 

resolution for a month of austral winter (July 2017). 

Figures 7.24 – 7.25 present the average 10 m monthly wind speed maps for each of the months 

of austral summer (January) and austral winter (July) of 2017 for d03 = 1 km × 1 km of the 15 

km – 5 km – 1 km grid set.  

For the 1 km × 1 km grid resolution simulation, a similar wind speed pattern to that of the 1.33 

km × 1.33 km grid resolution simulation is observed in austral summer (austral winter) with 

lower (higher) winds in the order of 1 to 6 m/s (1 – 9.5 m/s) over land areas. The magnitude of 

the maximum wind speed is higher by approximately 1.5 m/s for the simulation using the 

higher grid resolution of 1 km × 1 km in comparison with the 1.33 km × 1.33 km for both 
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austral summer and austral winter. Similar high wind speed areas are identified to that of the 

1.33 km × 1.33 km grid resolution simulation except that the spatial extent of the higher wind 

resource areas increased with the higher grid resolution of 1 km × 1 km. In addition, it also 

identifies areas of higher winds in the inland high-altitude areas of the larger islands in 

comparison with the 1.33 km × 1.33 km grid resolution simulation. The dominant wind 

direction is southeasterly, as can be observed from the wakes generated by the islands’ 

topography during both austral summer and austral winter.  

 

Figure 7.24. Average 10 m elevation wind speed for Fiji at 1 km × 1 km grid resolution 

for a month of austral summer (January 2017). 
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Figure 7.25. Average 10 m elevation wind speed for Fiji at 1 km × 1 km grid resolution 

for a month of austral winter (July 2017). 

7.4 Discussion 

The sensitivity of the wind speed and the diurnal cycle to grid size for tropical islands was 

evaluated via a grid sensitivity study showing that an increase in the spatial resolution of the 

grid from 1.33 km × 1.33 km to 1 km × 1 km significantly improves the simulation of the wind 

speed, the diurnal cycle, the Weibull parameters and the Weibull PDFs for Viti Levu in Fiji in 

comparison with those obtained from the measured data. Similar results were obtained from 

the study in the northern Iberian Peninsula with improvements shown in wind speed with 

higher grid resolutions in complex terrain (Fernández-González et al., 2018). Reducing the grid 

size further from 1 km × 1 km to 0.8 km × 0.8 km did not show any significant change for the 

wind speed, the diurnal cycle, Weibull parameters and the Weibull PDFs for Viti Levu. This 
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aligns with the conclusions drawn from the sensitivity study investigating the wind above a 

region with complex terrain in central Portugal, which stated that below a determined domain 

resolution, the model performance is not significantly improved with the increase in domain 

resolution (Carvalho et al., 2012). This indicates that the most suitable grid resolution for Fiji 

is the 1 km x 1 km grid resolution.  

Similar model behavior is observed while using the grid resolution of d03 = 1 km × 1 km from 

the grid sensitivity in a new grid set of d01 = 15 km × 15 km, d02 = 5 km × 5 km and d03 = 1 

km × 1 km over the whole of Fiji with significant improvement in wind speed, diurnal cycle, 

Weibull parameters and Weibull PDFs in comparison with the 1.33 km × 1.33 km grid 

resolution. This new grid set up is recommended to be used for the long-term integration of the 

mesoscale wind-resource assessment of Fiji.  

It is suggested that the use of a coarser grid resolution than those used in this study (> 1.33 km 

× 1.33 km) will further coarsen the model topography which will likely produce a greater 

overestimation of wind speed. 

No statistical comparison can be made to the offshore grid sensitivity study over the North Sea 

(Giannakopoulou & Nhili, 2014) as no offshore measurements are available from buoys and 

or offshore platforms in Fiji. However, looking at the wind resource maps for both the grid 

resolutions of 1.33 km × 1.33 km and 1 km × 1 km, it can be observed that the higher grid 

resolution simulation better matches the offshore wind resource expected from tropical islands. 

The blocking effect is visible in the higher grid resolution simulation with numerous wind 

speed contours around the main islands indicating that the winds are slowed down by the 

islands topography and thus there is faster flow around the islands as seen in Figures 7.14 and 

7.15. This contradicts the conclusions of the beforementioned offshore grid sensitivity study 

(Giannakopoulou & Nhili, 2014) as a higher grid resolution of 1 km x 1 km provides a more 

realistic representation of the offshore wind resources in the present study. The reason for this 

could be the difference in geographical location for the mentioned study (Northern 

Hemisphere, higher latitude and extratropical) and the present study (Southern Hemisphere, 

lower latitude and tropical). 

7.5 Conclusions 

A grid sensitivity study of the Weather Research and Forecasting (WRF) model was conducted 

for simulating the surface winds and the diurnal cycle for the SIDS of Fiji. Four different sets 

of grid resolutions: 20 km – 4 km – 1.33 km, 20 km – 4 km – 1 km, 20 km – 4 km – 0.8 km 
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and 15 km – 5 km – 1 km are used with the two-way nested approach and 1deg gridded input 

data from the National Centers for Environmental Prediction - (Final) Operational Global 

Analysis (NCEP-FNL) as initial and boundary conditions. Simulations are performed for an 

austral summer (January 2017) and an austral winter (July 2017) month using the dynamical-

downscaling approach and the tropical suite of the physics parameterization scheme to simulate 

the surface winds and the diurnal cycle of wind speed.   

The results of the grid sensitivity study revealed that the optimal grid resolution for simulating 

the surface winds, the diurnal cycle of wind speed, Weibull parameters and the Weibull PDFs 

for Fiji is d03 = 1 km × 1 km. The WRF model is able to capture the surface winds, the diurnal 

cycle, the Weibull parameters and the Weibull PDFs more accurately for a simulation using 

the higher grid resolution of 1 km x 1 km in comparison with simulations using the 1.33 km x 

1.33 km grid resolution, indicating that key elements of the topography are better resolved in 

the higher grid resolution.  

Therefore, the grid resolution of 1 km × 1 km in the grid set up of 15 km – 5 km – 1 km (d01 

– d02 – d03) is recommended to be used for the long-term integration of the mesoscale wind-

resource assessment of Fiji and can also be applied to the other SIDS of the southwest Pacific 

region. 
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Chapter 8 High-resolution Mesoscale Wind-

Resource Assessment of Fiji using the 

Weather Research and Forecasting 

(WRF) model 

 

This chapter presents a high-resolution mesoscale wind-resource assessment of the small island 

developing state (SIDS) of Fiji using a 10-year simulation of the Weather Research and 

Forecasting (WRF) model with convection-permitting resolution. Our analysis evaluates the 

wind speed and Weibull distributions, diurnal and seasonal wind speed patterns, resource maps 

of annual and seasonal wind speed, power density, model statistical analysis and interannual 

wind speed variability. The results reveal that the WRF-model simulated wind resource 

parameters are in good agreement with observations at 24 existing weather stations. At 55 m 

above ground, the annual mean wind speed and wind power density varies from 1.5 m/s to 

8 m/s and 50 W/m2 to 300 W/m2, respectively, for onshore land areas. Higher wind speeds are 

observed during austral winter than in austral summer. Forty high wind-resource areas are 

identified in this study, which were previously unknown. This indicates that there is potential 

for utility-scale wind power generation at selected locations with wind speed and power density 

greater than 6.4 m/s and 300 W/m2 (NREL, Wind Power Class 3). An estimated 1000 MW 

theoretical potential installed capacity is available for utility-scale wind power applications on 

Viti Levu and Vanua Levu.  
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8.1  Introduction 

Climate change and air pollution have propelled a steady growth of renewable electrical energy 

generation, and in particular wind energy on the global scale. Over the last decade, the global 

installed capacity of wind energy grew from 159 GW in 2009 to 651 GW in 2019 (REN21, 

2020; GWEC, 2020). This is an exponential growth with an estimated doubling time of 

approximately 4 years. Moreover, work is in progress in many countries with new resource 

assessments, wind farm construction permits and developments (REN21, 2020; GWEC, 2020).  

Wind-resource assessment at different scales is fundamental for energy-resource modelling and 

site identification for the development of wind farms to support renewable electricity 

generation. Numerous methods are available for wind-resource assessment from microscale to 

mesoscale applications with each having its own benefits and disadvantages (Brower, 2012). 

For microscale wind-resource assessment of a specific site or location within a domain of 10 – 

20 km, microscale linear models like the Wind Atlas Analysis and Application Program 

(WAsP) are used. The model uses ground-based measured wind data for wind resource 

evaluation and resource mapping at a resolution of 50 m × 50 m or less within the domain 

around a site (Brower, 2012). For regional wind-resource assessment of a country or a group 

of islands, numerical models can be used to simulate the wind-resource for the region of study 

(Brower, 2012). The most common numerical weather prediction (NWP) model used for 

atmospheric studies, which includes resource mapping, is the Weather Research and 

Forecasting (WRF) model (Powers et al., 2017). The usefulness of the WRF model is its ability 

to simulate the atmospheric processes from the ground level to the stratosphere 20 km above. 

It provides an approximation of the surface atmospheric parameters like surface winds. It also 

has the advantage of generating mesoscale wind resource maps at different heights for resource 

identification, theoretical potential evaluation and for creating high-resolution wind data at km 

scale at locations whereby measurements are not available. 

The WRF model has been used for wind energy resource mapping in Palestine (De Meij et al., 

2016), assessing wind resource in Greece (Giannaros et al., 2017), modelling wind resource in 

complex terrain in Portugal (Carvalho et al., 2013), determining wind power characteristics of 

Oahu, Hawaii (Argüeso & Businger, 2018), assessing offshore wind resource off the Atlantic 

Iberian coast and in the Gulf of Thailand (Salvação & Guedes Soares, 2018; Chancham et al., 

2017) and for predicting wind energy resources in Tanzania (Kibona, 2020). In these studies, 

the model assisted in creating new knowledge about mesoscale wind resources and their 

characteristics, identified and classified the wind-resource sites and provided useful 
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information for power generation purposes. To date, most downscaling studies for atmospheric 

parameters have been conducted in the mid-latitude regions of the Northern Hemisphere and 

relatively few have examined semi-arid or tropical locations in the Southern Hemisphere. 

Fiji is a small island developing state (SIDS), which is located between the latitudes of 12°S – 

22°S and longitudes of 177°E – 178°W in the tropical Southwest Pacific region. There are 332 

islands in Fiji with a total land area of 18,333 km2, with 110 islands inhabited. Around 87 % 

of the total land area is occupied by the two largest islands of Viti Levu and Vanua Levu, with 

areas of approximately 10,400 km2 and 5,540 km2, respectively. The islands of Fiji are 

mountainous and of volcanic origin, with maximum altitude of 1300 m above mean sea level. 

The overall climate in Fiji is categorized as a tropical marine climate with two seasons, which 

are classified as austral summer (wet season) extending from November to April and austral 

winter (dry season) from May to October. 

In Fiji, electricity generation is from a mixture of renewable (hydro, biomass and wind) and 

conventional (industrial diesel and heavy fuel oil) power stations (EFL, 2019). In the year 2019, 

1060 GWh of electricity was generated with 58 % (611 GWh) from renewable and 42 % (450 

GWh) from conventional power plants. The specific contribution from renewable energy-based 

power plants include: 53 % (559 GWh) from hydropower, 4.6 % (49 GWh) from biomass-

based independent power producers and 0.25 % (2.7 GWh) from wind (EFL, 2019). Fiji aims 

to achieve 100 % electricity generation from renewable energy sources by 2030 (Government 

of Fiji, 2015). The extent to which wind electricity generation can contribute to this goal is 

unknown. Mapping wind resources on the mesoscale level will assist the SIDS of Fiji in terms 

of wind resource identification and quantification.  

Several wind-resource assessment studies have been conducted in Fiji using the Wind Atlas 

Analysis and Application Program (WAsP) (Singh, 2015; Kumar & Nair, 2014; Kumar & Nair, 

2013; Kumar & Nair, 2012; Kumar and Prasad, 2010; Gosai, 2015; Sharma & Ahmed, 2016; 

Pratap, 2016) and WindPRO (Dayal, 2015). These studies are confined to micro-scale locations 

covering small areas surrounding a measuring station in the range of 5 – 10 km2. Moreover, a 

recent study in Fiji using 5 – 6 years of measured automatic weather station wind data in WAsP 

identified three potential wind farm sites that can be further investigated for utility-scale wind 

power applications. The WAsP modelling revealed that each of these three sites could 

incorporate a minimum of 10 MW using Vergnet 275-kW wind turbines to support the 

electricity grid network (Dayal et al., 2021a). To the knowledge of the authors, to date, no 

validated mesoscale wind-resource assessment has been carried out for the SIDS of Fiji. 
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Previous studies on the evaluation of the WRF model for simulating surface winds and the 

diurnal cycle of wind speed for the SIDS of Fiji showed that the standard 1.33 km by 1.33 km 

grid resolution in a 20 km – 4 km – 1.33 km grid nesting set up may not be an appropriate grid 

size to evaluate the surface winds for Fiji; as it was suspected that the topography was not 

properly resolved and a grid sensitivity study was recommended (Dayal et al., 2021a). 

Following that recommendation, a grid sensitivity study of the WRF model for simulating the 

surface winds for the SIDS of Fiji was conducted and it was concluded that the 1 km by 1 km 

grid resolution of the 15 km – 5 km – 1 km grid configuration was appropriate to evaluate the 

wind resources for the SIDS of Fiji (Dayal et al., 2020b). 

In this chapter, we aim to answer two research questions: 

I. Can the Weather Research and Forecasting (WRF) model be used to simulate the wind 

flow around the Fijian Islands in order to get sufficiently accurate information on the 

wind resources/potential? 

II. Do the WRF simulations reveal sites that are promising for wind power that have not 

yet been identified? 

This study is an application of the WRF mesoscale wind resource assessment approach applied 

to small tropical islands. Therefore, we present the high-resolution mesoscale wind-resource 

assessment of the SIDS of Fiji, which includes the analysis of the wind speed and the Weibull 

distributions, diurnal and annual wind speed patterns, resource maps for wind speed and power 

density. The study also presents the 10-year annual variability of wind speed and the model 

validation against ground-based observations via a model statistical analysis. The purpose of 

this study is to test a methodology to assess mesoscale wind-resource on tropical islands and 

to provide an assessment of the wind-resource in Fiji. Section 8.2 of this work describes the 

methodology, the results are presented in section 8.3, then discussed in section 8.4 and the 

conclusions are presented in section 8.5. 

8.2 Methodology 

8.2.1 Study area and wind measuring stations 

Figure 8.1 shows the model topographical height contours at a resolution of 30-arc-seconds for 

the study area, which covers the larger islands and the smaller islands in the surrounding waters 

and is marked with the locations of 24 automatic weather stations (AWSs) of Fiji 

Meteorological Services. Time series and uninterrupted measured wind data is available for 3 
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years (2016 – 2018) from the 24 AWSs at an elevation of 10 m above ground level. This data 

is used for the model validation exercise for the surface winds. 

 

Figure 8.1 Topographical map of the study area (Fiji) with the locations of the AWSs. 

The individual station locations are shown in Figure 8.1, where fourteen stations are located on 

Viti Levu, five on Vanua Levu and five on the outer islands. Eleven stations are located on the 

leeward side of the two larger islands: Keiyasi, Labasa, Momi, Nadarivatu, Nadi, Rakiraki, 

Rarawai, Seaqaqa, Sigatoka, Wainikoro and Yaqara stations. Eight stations are located on the 

windward side of the two larger islands: Korolevu, Lomaivuna, Nausori, RKS Lovoni, Saqani, 
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Suva, Tokotoko and Udu stations. The five stations located on the outer islands are Koro Island, 

Levuka, Viwa, Vunisea and Yasawa stations. 

A summary of the characteristics of the AWSs from which the wind observations are retrieved 

is shown in Table 8.1. The elevation of the AWSs is given in metres above sea level (m a.s.l.). 

The model terrain elevation of each AWS is the 1 km × 1 km grid cell average taken from the 

grid cell in which the AWS is located.  

Table 8.1 Details and position of AWSs 

Station Name 
Latitude 

(° S) 
Longitude 

(° E) 
Elevation  
(m a.s.l.) 

WRF 
Elevation (m a.s.l.) 

Keiyasi  -17.8795 177.7552 89.8 63.7 

Koro Island -17.3450 179.4184 108.8 80.1 

Korolevu  -18.2129 177.7304 25.7 41.5 
Labasa  -16.4333 179.4000 8.5 13.1 

Levuka  -17.6403 178.8186 41.5 43.1 

Lomaivuna  -17.8714 178.3601 122.1 128.5 
Momi  -17.8952 177.2668 43.8 25.9 

Nadarivatu -17.5676 177.9632 824.1 761.8 

Nadi  -17.7599 177.4448 20.7 14.9 
Nausori -18.0464 178.5591 5.7 4.9 

Rakiraki  -17.3404 178.2214 8.1 3.4 

Rarawai -17.5564 177.6814 9.3 17.0 

RKS Lovoni -17.7260 178.5551 17.1 14.1 
Saqani -16.4749 179.7089 30.0 43.2 

Seaqaqa  -16.4758 179.1578 101.8 109.5 

Sigatoka  -18.1422 177.5039 6.7 12.0 
Suva  -18.1475 178.4536 6.6 15.6 

Tokotoko  -18.2186 178.1700 4.9 6.2 

Udu  -16.1411 -179.9947 43.7 0.3 

Viwa  -17.1494 176.9117 2.0 1.0 
Vunisea -19.0469 178.1654 31.9 86.3 

Wainikoro -16.3044 179.5586 15.1 15.3 

Yaqara -17.4330 177.9774 20.0 11.2 
Yasawa -16.6984 177.5746 40.0 5.1 

 

8.2.2  Model and simulation set-up 

The study uses the Weather Research and Forecasting (WRF) model version 3.9.1.1 of the 

Advanced Research (ARW) solver, a widely used community mesoscale model developed by 

the National Centre for Atmospheric Research (NCAR) (Skamarock et al., 2008; Wang et al., 

2019). The dynamical downscaling method was used for running simulations, whereby coarse 

resolution output from an analysis using a General Circulation Model (GCM) are used as initial 

and boundary conditions to drive a regional numerical model to simulate atmospheric 
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parameters via nesting, considering the local conditions (Horvath et al., 2012; Foley et al., 

2012; Hewitson & Crane, 1996).  

 

Figure 8.2 Simulation domains. 

The initial and boundary conditions for the SIDS of Fiji were obtained from 6-hourly NCEP-

FNL (Final) Operational Global Analysis data at 1° × 1° grid resolution 

(NCEP/NWS/NOAA/U.S. Department of Commerce, 2020). The static fields for the 

topography were obtained from the USGS GMTED2010 dataset. The land-water masks, land 

use/land cover classification, albedo etc. were obtained and interpolated from the 21-class 

MODIS and MODIS FPAR. These were taken from the National Center for Atmospheric 

Research (NCAR) database, at a resolution of 30-arc-seconds (NCAR, 2020). Time varying 

sea surface temperatures (SSTs) were supplied to the model from NCEP-NOAA at a grid 

resolution 0.083° × 0.083° (NCEP-NOAA, 2020). 
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The input data from NCEP-FNL were downscaled by the WRF model using three nested 

domains as illustrated in Figure 8.2. The outermost domain is referred to as d01, the second 

d02 and the innermost as d03 (which is also the domain shown in Figure 8.1).  

The two-way nesting approach was applied for the parent-child grid interaction, where the flow 

of information goes from the coarser domain to the finer domain, with feedback from the inner 

domains. All domains are centred at a latitude of 17.73°S and longitude of 177.94°E, which 

corresponds to the centre of Viti Levu using the Mercator projection as recommended for low 

latitudes (Skamarock et al., 2008; Wang et al., 2018).  

The spatial coverage of each of the three domains are: d01 = 1500 km × 1500 km (100 ×

100 grid cells), d02 = 755 km × 755 km (151 × 151 grid cells) and d03 = 401 km ×

401 km (401 × 401 grid cells) at a horizontal resolution of 15 km × 15 km, 5 km × 5 km 

and 1 km × 1 km, respectively. The vertical spacing of the three domains consist of 30 terrain-

following vertical coordinates, including eight levels below 1 km, as meteorological parameters 

of interest are in the lower part of the atmosphere, close to the surface. A timestep of 10 seconds 

is used in d03 following a 3:1 parent-child grid timestep ratio to ensure numerical stability as 

recommended in refs. (Skamarock et al., 2008; Wang et al., 2018). The choice of 15 km −

5 km − 1 km nested grids follows the recommendation of the earlier grid sensitivity study 

(Dayal et al., 2020b), in keeping with the standard practice of using a 3:1 or 5:1 parent-grid 

ratio (Skamarock et al., 2008; Wang et al., 2018). 

The well-tested tropical suite of the WRF physics parameterization scheme was used for the 

model physics options (Skamarock et al., 2008; Wang et al., 2018).  

Table 8.2 Physics Parameterization 

Parameterization Options 

Long-wave radiation  RRTMG 

Short-wave radiation  RRTMG 

Microphysics  WRF Single-Moment 6-class 
Surface Layer  MM5 Similarity 

Planetary Boundary Layer Yonsei University  

Cumulus  New Tiedtke 
Land Surface Model Noah 

 

The parameterization of deep convection was only used on the larger domains (d01 and d02), 

as the vertical fluxes due to convection updrafts and downdrafts and the compensating motion 

outside the clouds cannot be resolved explicitly at grid scales of 5 km and above (Skamarock 
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et al., 2008; Wang et al., 2018). The remaining physics options are the same for all three 

domains as shown in Table 8.2. 

Simulations for the 10 years were performed in monthly segments on the New Zealand 

eScience Infrastructure (NeSI) High Performance Computer – Mahuika. The model was 

initiated from 3 days prior to the start of each month and these 3 days are the model spin-up 

time and are excluded from the analysis. The model is set to restart every 2 days to avoid model 

drift as recommended for longer simulations (Skamarock et al., 2008; Wang et al., 2018). Even 

though a period of one year has been considered adequate to capture the diurnal and seasonal 

variations for wind resource assessment (Al-Yahyai et al., 2010), in our case, we use 10 years 

of simulations to provide a better representation of the diurnal and seasonal variations. The 

simulation results discussed in the paper are 1-hourly 10-metre-elevation wind speeds retrieved 

from the simulation on the innermost domain (d03) considering the grid cell containing the 

AWS as representative of the station.  

8.2.3 Model Validation 

The validation of a numerical weather prediction (NWP) model can be done according to 

various methodologies that complement each other (Pielke Sr., 2002). Five statistical 

parameters are used for the model evaluation. The Root Mean Square Error (RMSE) is defined 

as:  

RMSE = [
1

𝑁
∑ (𝑀𝑖 − 𝑂𝑖)

2
𝑁

𝑖=1
]

1
2

,             (8.1)  

in which 𝑀𝑖 is the simulated variable at the 𝑖𝑡ℎ data point, 𝑂𝑖 is the corresponding observed 

variable and N is the total number of simulation-observation pairs of values. 

The mean Bias was used for the evaluation of data tendency. A positive (negative) bias means 

the simulations overestimate (underestimate) the measured values: 

Bias =
1

𝑁
∑ (𝑀𝑖 − 𝑂𝑖)

𝑁

𝑖=1
.                    (8.2) 

The Standard Deviation Error (STDE) was used to evaluate the dispersion of the error between 

the observed and the simulated data: 

STDE = [
1

𝑁
∑ (𝑀𝑖 − 𝑂𝑖)2

𝑁

𝑖=1
− 𝐵𝑖𝑎𝑠2]

1
2

.        (8.3) 
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The RMSE, Bias and STDE was used to evaluate the hourly-simulated wind speed against the 

observed wind speed. 

Most emphasis is given to STDE, and this assumption comes from the fact that, even if a 

simulation has a high RMSE or Bias, if the STDE is low it means that the error is somewhat 

constant and can be seen as an offset and the simulation physics is correct. If the simulation 

has a high STDE, the error is more scattered and the simulations have low physical meaning 

(Hong & Kanamitsu, 2014; Carvalho et al., 2012).  

The surface wind speed distribution is well approximated by a Weibull distribution (Mathew, 

2006; Manwell et al., 2009) and this distribution is therefore used to evaluate the model-

simulated wind distributions against observed wind distributions. The Weibull distribution is a 

two-parameter function, mathematically represented by a probability density function (PDF), 

𝑓(𝑢) while the cumulative distribution function is represented by 𝐹(𝑢). These functions are 

defined as: 

𝑓(𝑢) =  
𝑘

𝐴
 (

𝑢

𝐴
)

𝑘−1

𝑒−(
𝑢
𝐴

)
𝑘

                (8.4) 

and 

𝐹(𝑢) = 1 − 𝑒−(
𝑢
𝐴

)
𝑘

,                           (8.5) 

where 𝑢 is the reference wind speed at the height of measurement, 𝑘 the non-dimensional shape 

parameter, and 𝐴 the scale parameter whose dimension coincides with that of 𝑢 (m/s). Note 

that 𝑘, 𝐴, 𝑢 > 0. The scale parameter, 𝐴, indicates on average how windy the site is, whilst the 

shape parameter, 𝑘, indicates how ‘peaked’ the distribution is. The model and the measured 

Weibull 𝐴 and 𝑘 parameters are used for comparison. 

The Pearson correlation coefficient was used to evaluate the diurnal cycle of wind speed and 

the Weibull probability density functions. The Pearson correlation coefficient is a statistical 

measure that quantifies the strength of the relationship between the relative variation of two 

variables; in our case, the simulated and the measured yearly averaged diurnal values and the 

Weibull parameter values. 

8.2.4 Resource maps  

The 10-year 1 km × 1 km model simulation results from domain 3 (d03) were used to generate 

the annual mean wind speed, seasonal mean wind speed and wind power density resource maps 

at 55 m elevation, which is equivalent to the typical wind turbine hub height. This was done to 

assist in identifying potential wind resource sites for utility-scale wind power applications. The 
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wind speed and power density resource maps were generated using WRF simulation data at 

55-m WRF model level. 

8.2.5 Interannual wind speed variability 

Interannual wind speed anomalies were calculated by subtracting the measured long-term mean 

wind speed from the model annual mean wind speed for individual stations for 10-years. These 

were plotted to study the variation of the wind speeds from year to year. 

8.3 Results 

This section presents the results in two parts: the model validation and the resource maps. 

8.3.1 Model Validation 

The 10-metre-elevation results for the parameters used to validate the model against ground-

based measurements, include: the model statistical analysis, wind speed distribution and 

Weibull PDFs, and the diurnal and annual wind speed patterns. The model results are compared 

with locations where the measurements are available from AWSs. 

8.3.1.1 Model Statistical Analysis 

Tables 8.3 – 8.5 present the model statistical analysis for 3 years for the leeward side, windward 

side and the outer islands AWSs, respectively. These also present the 3-year averaged wind 

speed diurnal cycle correlation between the model and the measurements for individual station 

locations. The mean bias for 3 years across all 24 AWSs is 0.62 m/s, which is a 20.2 % 

overestimate in comparison with the measured wind speed. The mean RMSE is 2.22 m/s, the 

mean STDE is 2.00 m/s and the mean diurnal cycle correlation is 0.81 for the locations tested. 

Table 8.3 Wind statistics from the leeward side AWSs (2016 – 2018) 

Station 

Measured 

Mean (m/s) 

WRF 

Mean (m/s) 

Bias 

(m/s) Bias % 

RMSE 

(m/s) 

STDE 

(m/s) 

Correlation 

(%) 

Keiyasi 1.15 1.86 0.71 61.9 1.51 1.34 0.99 

Labasa 1.57 2.94 1.37 87.3 1.99 1.44 0.91 
Momi 4.14 3.20 -0.94 -22.6 2.23 2.03 0.70 

Nadarivatu 2.81 3.54 0.73 25.9 2.00 1.87 0.58 

Nadi 2.77 2.79 0.02 0.7 1.68 1.68 0.89 
Rakiraki 6.10 5.53 -0.57 -9.4 2.30 2.23 0.95 

Rarawai 1.77 1.61 -0.17 -9.4 1.38 1.37 0.99 

Seaqaqa 1.36 2.20 0.83 61.2 1.78 1.57 0.97 

Sigatoka 1.89 2.41 0.53 27.8 1.38 1.28 0.98 
Wainikoro 1.65 3.49 1.84 111.1 2.61 1.85 0.94 

Yaqara 3.98 3.93 -0.05 -1.3 1.73 1.73 0.86 

Average 2.65 3.05 0.39 30.3 1.87 1.67 0.89 
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Table 8.4 Wind statistics from the windward side AWSs (2016 – 2018) 

Station 

Measured  

Mean (m/s) 

WRF  

Mean (m/s) 

Bias 

(m/s) 

Bias 

% 

RMSE 

(m/s) 

STDE 

(m/s) 

Correlation 

(%) 

Korolevu  3.30 3.88 0.58 17.5 1.85 1.76 0.94 
Lomaivuna 1.98 2.61 0.63 31.8 1.65 1.52 0.97 

Nausori 1.94 3.08 1.14 58.9 2.59 2.32 0.90 

RKS Lovoni 2.06 3.95 1.89 91.8 2.67 1.89 0.10 
Saqani 2.80 4.17 1.36 48.7 4.15 3.92 0.47 

Suva 2.36 3.24 0.88 37.4 2.22 2.04 0.93 

Tokotoko 2.57 3.18 0.61 23.6 2.18 2.09 0.95 

Udu 5.36 4.80 -0.56 -10.5 1.96 1.88 0.72 

Average 2.80 3.61 0.82 37.4 2.41 2.18 0.75 

 

Table 8.5 Wind statistics from the outer islands’ AWSs (2016 – 2018)  

Station 
Measured 

Mean (m/s) 
WRF  

Mean (m/s) 
Bias 
(m/s) Bias % 

RMSE 
(m/s) 

STDE 
(m/s) 

 Correlation 
(%) 

Koro Island 3.94 4.47 0.53 13.4 2.00 1.93 0.69 

Levuka 3.82 5.15 1.33 34.7 2.79 2.46 0.85 
Viwa 3.84 5.92 2.08 54.0 3.47 2.78 0.92 

Vunisea 4.02 4.58 0.56 13.9 2.60 2.54 0.52 

Yasawa 6.27 5.87 -0.39 -6.3 2.49 2.45 0.68 

Average 4.38 5.20 0.82 21.9 2.67 2.43 0.73 

 

Since the mean STDE for all AWSs is low, which is below the border threshold of ± 2.50 m/s, 

this indicates that the model adequately captures the physical processes (Pielke Sr., 2002; Hong 

& Kanamitsu, 2014; Carvalho et al., 2012). The 10-metre-elevation model errors reported are 

assumed to be the equivalent at higher elevations of interest, for instance at the hub-height of 

55 m. 

8.3.1.2  Wind Speed Distribution and Weibull PDFs 

The wind speed distribution provides site-specific information in terms of the Weibull 𝐴 and 𝑘 

parameters. Tables 8.6 – 8.8 present the wind speed distribution parameter analysis for 3 years 

for the leeward side, windward side and the outer islands, respectively. Higher Weibull 𝐴 (> 4 

m/s) and 𝑘 (> 2) parameters are observed and modelled at Momi, Rakiraki, Yaqara, Udu, Koro 

Island, Levuka, Vunisea, Viwa and Yasawa. These sites are considered windy and have little 

variation from the mean wind speed, which indicates the presence of consistent, regular wind 

resources.  

 

 



171 

 

 

Table 8.6 Weibull Wind Distribution parameters for leeward side AWSs (2016 – 2018) 

Station 

Measured 

Weibull 

𝐴 (m/s) 

WRF 

Weibull 

𝐴 (m/s) 

Weibull 

𝐴 Bias Bias % 

Measured 

Weibull 

𝑘 

WRF 

Weibull 

𝑘 

Weibull 

𝑘 Bias 

Bias 

% 

Weibull 

Correlation 

Keiyasi 1.17 2.02 0.85 72.5 1.17 1.21 0.05 4.0 0.95 

Labasa 1.70 3.35 1.65 97.5 1.35 2.69 1.34 99.5 0.60 

Momi 4.56 3.63 -0.93 -20.3 1.99 2.31 0.31 15.8 0.95 

Nadarivatu 3.15 4.07 0.92 29.5 1.71 2.17 0.46 26.6 0.90 

Nadi 3.03 3.17 0.14 6.0 1.65 2.33 0.68 41.3 0.95 

Rakiraki 7.11 6.21 -0.90 -12.6 2.44 2.42 -0.02 -0.7 0.97 

Rarawai 1.91 1.79 -0.12 -6.3 1.40 1.42 0.02 1.8 1.00 

Seaqaqa 1.48 2.44 0.96 64.8 1.23 1.42 0.19 15.8 0.94 

Sigatoka 2.11 2.69 0.58 27.6 1.58 1.47 -0.11 -7.1 0.98 

Wainikoro 1.88 3.99 2.11 112.6 1.40 2.28 0.89 63.7 0.59 

Yaqara 4.47 4.32 -0.15 -3.2 2.24 1.96 -0.28 -12.7 0.99 

Average 2.96 3.43 0.46 33.5 1.65 1.97 0.32 22.55 0.89 

 

Table 8.7 Weibull Wind Distribution parameters for windward side AWSs (2016 – 

2018) 

Station 

Measured 

Weibull 

𝐴 (m/s) 

WRF 

Weibull 

𝐴 (m/s) 

Weibull 

𝐴 Bias 

Bias 

% 

Measured 

Weibull 

𝑘 

WRF 

Weibull 

𝑘 

Weibull 

𝑘 Bias Bias % 

Weibull 

Correlation 

Korolevu 3.65 4.31 0.67 18.3 1.94 2.14 0.20 10.3 0.96 

Lomaivuna 2.15 2.91 0.76 35.4 1.54 1.73 0.18 11.8 0.95 

Nausori 2.71 3.45 0.75 28.0 1.51 1.82 0.31 20.4 0.94 

RKS 2.32 4.36 2.05 89.3 1.64 2.39 0.75 45.4 0.62 

Saqani 2.40 4.66 2.26 95.5 1.27 2.65 1.39 120.8 0.52 

Suva 2.58 3.68 1.10 42.7 1.76 1.80 0.04 2.2 0.92 

Tokotoko 2.96 3.52 0.56 19.2 1.80 1.58 -0.21 -11.9 0.98 

Udu 6.02 5.35 -0.68 -11.2 2.44 2.37 -0.07 -2.7 0.97 

Average 3.10 4.03 0.93 39.6 1.74 2.06 0.32 24.5 0.86 

 

Table 8.8 Weibull Wind Distribution parameters for outer islands’ AWSs (2016 -2018) 

Station 

Measured 

Weibull 

𝐴 (m/s) 

WRF 

Weibull 

𝐴 (m/s) 

Weibull 

𝐴 Bias 

Bias 

% 

Measured 

Weibull 

𝑘 

WRF 

Weibull 

𝑘 

Weibull 

𝑘 Bias 

Bias 

% 

Weibull 

PDF 

Correlation 

Koro 4.47 5.02 0.55 12.4 2.06 2.57 0.50 24.7 0.95 

Levuka 4.30 5.78 1.48 35.2 1.75 2.85 1.10 63.2 0.76 

Vunisea 4.66 5.10 0.44 9.6 2.02 2.03 0.01 0.5 0.99 

Viwa 4.20 6.59 2.39 57.2 1.63 2.51 0.88 54.2 0.67 

Yasawa 7.19 6.64 -0.56 -7.6 2.61 2.88 0.27 10.3 0.98 

Average 4.97 5.83 0.86 21.4 2.01 2.57 0.55 30.6 0.87 
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The comparison of the Weibull PDFs provides an opportunity to visualise and compare the 

measured and the modelled wind speed and its frequency of occurrence. Figures 8.3 – 8.6 

present the comparison of the 3-year modelled and the measured Weibull PDFs together with 

the 10-years modelled long-term average (WRF LA) for the leeward side, windward side, outer 

islands and for all the AWSs, respectively. These figures also list the Weibull 𝐴 and 

𝑘 parameters for each PDF.  

 

Figure 8.3 Comparison of the Weibull PDFs for the Leeward Side Stations. 

 

Figure 8.4 Comparison of the Weibull PDFs for the Windward Side Stations. 

The comparison between the modelled and observed Weibull PDFs show that the model agrees 

moderately well with the observations (with an average correlation of 0.88 for 24 AWSs). 

Nonetheless the model tends to record lower frequency of lower wind speeds of 1 – 2 m/s on 

the leeward and the windward sides of the larger islands, and 1 – 3 m/s for the outer islands 

compared with the observations. The opposite is seen for wind speeds from 3 – 6 m/s for the 

leeward side, 3 – 8 m/s for the windward side, and 5 – 10 m/s for the outer islands. Similar 
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model behaviour is also observed for all the 24 AWSs shown in Figure 8.6. This indicates that 

the model tends to overestimate lower wind speeds and underestimate medium to higher wind 

speeds. The measured Weibull 𝐴 and 𝑘 parameters are slightly lower in magnitude than 

modelled. The mean Weibull PDF correlation across all stations is 0.88, with 0.89 for the 

leeward side, 0.86 for the windward side and 0.87 for the outer islands indicating that the results 

are in good agreement. The 3-year and the 10-year modelled Weibull PDFs have little variation 

in terms of the Weibull 𝐴 and 𝑘 parameters and the Weibull PDFs correlation is almost 1, 

which shows that the 3-year period is representative of the 10-year period used in the 

simulations.  

 

Figure 8.5 Comparison of the Weibull PDFs for the Outer Islands Stations. 

Figure 8.6 Comparison of the Weibull PDFs for all 24 AWSs. 
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8.3.1.3  Diurnal Wind Speed Patterns 

The diurnal wind speed pattern is the variation of wind speed over a 24-hour period. For a 

tropical island, it is a representation of the land-sea breeze circulation and provides useful 

information about the strength of the wind speed during different times of the day. Figures 8.7 

– 8.10 present a comparison of the modelled (WRF) and the measured (M) diurnal wind speed 

patterns for 3 years together with the 10-year modelled long-term (WRF LA) average for all 

the AWSs, the leeward side AWSs, the windward side AWSs and the outer islands’ AWSs, 

respectively.  Note that the diurnal cycles of individual stations are not included in this paper, 

but rather an average across all stations, stations on the leeward side, windward side and the 

outer islands is used. 

 

Figure 8.7 Diurnal wind speed pattern for all 24 AWSs. 

 

Figure 8.8 Diurnal wind speed pattern for the Leeward Side AWSs. 
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Figure 8.9 Diurnal wind speed pattern for the Windward Side AWSs. 

 

Figure 8.10 Diurnal wind speed pattern for the Outer Islands AWSs. 

The model simulated diurnal cycle for 3 years and 10 years is generally in good agreement 

with the observations. The overall diurnal cycle for all the 24 AWSs is similar to the diurnal 

cycles on the leeward and the windward sides. Comparison of the 3 year and the 10-year 

modelled diurnal cycles shows little variation, with a correlation of almost 1 (Figure 8.7). The 

model is able to capture the diurnal cycle patterns for both sides of the larger islands, although 

it systematically overestimates the wind speed. For the leeward and the windward sides of the 

larger islands, a strong diurnal cycle is observed and modelled, which can be seen in Figures 

8.8 and 8.9. For the outer islands, which are relatively smaller, a weaker diurnal cycle is 

observed (Figure 8.10), which is expected for small tropical islands as ventilation prevents the 

genesis of the land-sea breeze circulation (Ulrich & Bellon, 2019). This small observed diurnal 
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increase in wind speed. This is probably caused by the lack of representation of small-scale 

topography in the model, which can reduce the efficiency of the ventilation process. The model 

performance is better on the leeward-side stations with a smaller estimate of the mean diurnal 

wind speed in comparison with the windward-side and the outer-islands stations.  

8.3.1.4 Seasonal Cycle of Wind Speed 

Figures 8.11 – 8.14 present the comparison of the modelled (WRF) and the measured (M) 

seasonal cycle of wind speed for the 3-year period together with the 10-year modelled long-

term (WRF LA) average for the leeward side, windward side, outer islands and for all the 

AWSs, respectively.  

 

Figure 8.11 Seasonal cycle of wind speed for the Leeward Side AWSs. 

 

Figure 8.12 Seasonal cycle of wind speed for the Windward Side AWSs. 
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Figure 8.13 Seasonal cycle of wind speed for the Outer Islands AWSs. 

 

Figure 8.14 Seasonal cycle of wind speed for all the 24 AWSs. 

The model-simulated seasonal cycle of wind speed is in good agreement with the observations 

for the study period. The model successfully captures the seasonal cycle of wind speed for 

either sides of the larger islands and for the outer islands, although modelled wind speed is 

overestimated in comparison with the measurements. Again, this overestimation is smaller for 

the leeward side of the larger islands than for the windward side and the outer islands. A similar 

model behaviour is observed for the seasonal cycles for all the AWSs. As per the station plots, 

slightly higher wind speeds are observed during austral winter (May – October), during which 

the southeast trade winds are more persistent than during austral summer (November to April), 

during which the wind climatology is mostly dominated by synoptic systems. Little variation 

can be observed between the 3-year and the 10-year modelled seasonal cycle.  
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8.3.2 Resource Maps  

8.3.2.1 Long-term-mean Wind Speed Map at 55 m 

The long-term-mean wind speed map represents the spatial distribution of the average wind 

speed over the simulation. These maps at higher heights such as at the hub-height of a wind 

turbine are useful for identifying potential wind resource sites that can be used for utility-scale 

wind power applications and for siting wind turbines for wind farms. Figure 8.15 presents the 

55-metre-elevation long-term-mean wind speed map for the SIDS of Fiji.  

 

Figure 8.15 Long-term-mean 55-metre-elevation wind speed map of Fiji. 
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Ten years of data was used to calculate the long-term mean. The 55-metre-elevation has been 

chosen because a typical wind turbine hub height, which is suitable for power generation in the 

SIDS of Fiji, has a hub height of 55 m. Note that wind turbines with a hub-height of 55 m are 

employed at the existing Butoni wind farm in Fiji (EFL, 2019). 

The 10-year average wind speed varies from a minimum of around 1.5 m/s to a maximum of 

8 m/s over the islands, with minima in the inland valleys and the maxima on the crest of the 

islands’ mountains. The long-term-mean nearshore and offshore wind speed varies from 5 m/s 

to 8 m/s. The dominant wind direction is south-easterly, and the blocking effect of the islands 

can be seen in their wakes as well as in the upwind flow; this blocking effect means that the 

flow is diverted around the islands, accelerating the wind on the sides of the islands, particularly 

in the channel between the two main islands. Following the NREL Wind Power Classification 

(NREL, 2020) using the 50-meter-elevation reference, numerous potential wind resource 

locations on shore can be identified with wind speeds greater than 6.4 m/s, which corresponds 

to Wind Power Class 3. 

8.3.2.2 Seasonal Wind Speed Maps at 55 m 

The seasonal wind speed map represents the seasonal spatial distribution of the average hourly 

wind speed over a season in a year. Figures 8.16 and 8.17 present the 55-m-elevation mean 

seasonal wind speed map of Fiji for the two seasons of austral summer and austral winter 

calculated using 10 years of data.  
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Figure 8.16 Seasonal 55-metre-elevation wind speed map of Fiji for austral summer. 
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Figure 8.17 Seasonal 55-metre-elevation wind speed map for austral winter. 

Higher wind speeds are simulated during austral winter in comparison with austral summer 

over both onshore land and offshore open sea areas, but the distribution patterns are the same. 

This seasonal cycle follows that of the large-scale southeasterlies. The seasonal wind speed 

patterns at 55-metre-elevation essentially identifies the same general wind resource areas as 

the long-term-mean wind speed map with wind speeds greater than 6.4 m/s (Wind Power Class 

3) for onshore land areas considered suitable for utility-scale wind power applications using 

the NREL Wind Power Classification (NREL, 2020). Note that, these areas are smaller in 

austral summer. 
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8.3.2.3 Long-term-mean Wind Power Density Map at 55 m 

The long-term-mean wind power density at the hub-height of a wind turbine is also useful in 

identifying potential wind resource sites for utility-scale wind power applications. Figure 8.18 

presents the 55-metre-elevation long-term-mean wind power density map calculated using 10 

years of data. The plotted values are the wind power density area-averaged over a 

1 km ×  1 km grid cell using a constant air density of 1.225 kg/m3.  

Figure 8.18 Long-term-mean 55-metre-elevation wind power density map of Fiji. 

The 10-year average wind power density varies from 50 W/m2 to 300 W/m2 at various locations 

depending on its topography and geographic location for the onshore land area of the major 
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and the smaller islands. The offshore wind power density varies from 100 W/m2 to 300 W/m2 

from near-shore areas to open sea areas, respectively.  

8.3.2.4 Interannual Wind Speed Variability 

The interannual wind speed variability refers to the magnitude of fluctuation in the annual mean 

wind speed on a year-to-year basis at a site. It is an important consideration for the assessment 

of the long-term wind resource and for the confirmation of the consistency of the wind speed 

over a time period of multiple years. To evaluate the interannual wind speed variability, the 

variance of the wind speed anomaly for the model is plotted and the interannual wind speed 

anomalies for the measured and the modelled wind speed are plotted separately.  

Figure 8.19 presents the 10-year mean variance of the 10-metre wind speed anomaly for the 

model for the 24 AWSs. The variance of the model anomaly varies with a minimum of 0.03 

m/s at Nadi to a maximum of 2.02 m/s at Viwa with an average of 0.68 m/s for the 24 AWSs. 

Eighteen out of twenty-four stations have the variance of the model anomaly less than 1 m/s. 

 

Figure 8.19 Variance of wind speed anomaly for 10 years for 24 AWSs. 

The interannual wind speed anomaly of the model and the measurements is the difference 

between the annual mean and the long-term mean for each. Figures 8.20 – 8.22 and Figures 

8.23 – 8.25 present the interannual wind speed anomalies of the measured and model for the 

24 AWS locations for the leeward side, windward side and the outer islands at 10 m elevation, 

respectively.  
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Figure 8.20 Measured interannual wind speed anomalies for the leeward side AWSs. 

 

Figure 8.21 Measured interannual wind speed anomalies for the windward side AWSs. 

 

Figure 8.22 Measured interannual wind speed anomalies for the Outer Islands AWSs. 
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Figure 8.23 Model interannual wind speed anomalies for the leeward side AWSs. 

 

Figure 8.24 Model interannual wind speed anomalies for the windward side AWSs. 

 

Figure 8.25 Model interannual wind speed anomalies for the Outer Islands AWSs. 
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The trends in the interannual wind speed anomalies for the model and the measurements on the 

leeward side, windward side and the outer islands show that there is little variation (< 0.8 m/s) 

in the measured and the modelled wind speed over the 3 – 10 year period. Since there is little 

variability in the wind speed, energy production would not change significantly from year to 

year. 

8.3.2.5 Systematic Bias in Wind Power Density 

An evaluation of the systematic bias in wind power density at the 24 AWSs for 3 years is 

presented in Table 8.9. This shows the overestimation of the model wind speed. Wind power 

density is calculated using the measured and the modelled wind speed measurements and the 

difference is calculated to determine the systematic bias in the 10-metre wind power density at 

the 24 AWSs. The wind power density (WPD) is calculated using the standard equation 

(WPD =
1

2
𝜌𝑉3, where 𝜌 is the air density and 𝑉 is the average wind speed) with site-specific 

air density ranging from 1.084 kg/m3 to 1.168 kg/m3. The site-specific air density has been 

estimated using the WAsP Air Density Calculator which is a function of altitude (elevation in 

metres above sea level) and mean air temperature at the same altitude. A lapse rate of 6.5 K/km 

and a sea level pressure of 1013.25 hPa are assumed and the estimate is based on a standard 

atmosphere. WAsP software uses the barometric reference data from CFSR reanalysis database 

(Mortensen et al., 2014).  

The systematic bias computed for wind power density is assumed to be the error in the energy 

production as it is a function of power density and the other parameters considered in the energy 

calculation equation are constant.  The systematic bias for wind power density is assumed to 

be constant with height, as the non-linear relationship of wind power density and wind speed 

has been considered in the systematic bias at 10-metre elevation. A lower systematic bias can 

be expected at higher heights for the wind power density in a similar manner to the wind speed 

bias. 

The mean systematic bias in the wind power density at the 24 AWSs is 9.68 W/m2, which is 

an overestimation of 33.8 %. The systematic bias is less than 15 W/m2 at 13 AWSs, 15 – 30 

W/m2 at 6 AWSs and greater than 30 W/m2 at 5 AWS. Even though it is assumed that the wind 

speed bias is constant with height, there is a chance that this bias will be smaller at higher 

elevations as there will be little surface friction at the hub-height of 55-metres in comparison 

with that at an elevation of 10-metres.  
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Table 8.9 Systematic Bias for Wind Power Density (WPD) for all AWSs at 10 m 

Station 
Measured 

Mean (m/s) 

WRF 

Mean 
(m/s) 

D3 = 1 km 

Bias(m/s) 

Measured 

WPD (W/m2) 

WRF WPD 

(W/m2) 

Bias 

(W/m2) 

Keiyasi 1.15 1.86 0.71 0.88 3.73 2.85 

Koro Is 3.94 4.47 0.53 35.38 51.67 16.29 

Korolevu  3.30 3.88 0.58 20.95 34.05 13.10 

Labasa 1.57 2.94 1.37 2.26 14.84 12.58 

Levuka 3.82 5.15 1.33 32.44 79.50 47.05 

Lomaivuna 1.98 2.61 0.63 4.49 10.28 5.79 

Momi 4.14 3.20 -0.94 41.30 19.07 -22.23 

Nadarivatu 2.81 3.54 0.73 12.03 24.04 12.02 

Nadi 2.77 2.79 0.02 12.39 12.66 0.27 

Nausori 1.94 3.08 1.14 4.26 17.06 12.80 

Rakiraki 6.10 5.53 -0.57 132.56 98.76 -33.80 

Rarawai 1.77 1.61 -0.16 3.24 2.44 -0.80 

RKS  2.06 3.95 1.89 5.10 35.96 30.86 

Saqani 2.80 4.17 1.37 12.80 42.27 29.48 

Seaqaqa 1.36 2.20 0.84 1.46 6.17 4.71 

Sigatoka 1.89 2.41 0.52 3.94 8.17 4.23 

Suva 2.36 3.24 0.88 7.68 19.86 12.19 

Tokotoko 2.57 3.18 0.61 9.91 18.78 8.87 

Udu 5.36 4.80 -0.56 89.62 64.36 -25.26 

Viwa 3.84 5.92 2.08 33.07 121.17 88.10 

Vunisea 4.02 4.58 0.56 37.84 55.96 18.12 

Wainikoro 1.65 3.49 1.84 2.62 24.80 22.18 

Yaqara 3.98 3.93 -0.05 36.79 35.42 -1.37 

Yasawa 6.27 5.87 -0.40 143.46 117.72 -25.74 

Average 3.06 3.68 0.62 28.60 38.28 9.68 

 

8.4 Discussion 

The modelling exercise using 10 years of data presents an opportunity to quantify and validate 

the wind-resource for the SIDS of Fiji for the first time at a mesoscale level. The overall model 

performance is in good agreement with the ground-based measurements. The WRF mesoscale 

NWP model can successfully reproduce the observed wind climate on the ground. High wind 

resource areas are identified at higher altitude inland areas of the larger islands of Viti Levu 

and Vanua Levu, nearshore land areas on the eastern and the western sides of the larger islands 

and the nearby onshore areas adjacent to the channel between the two larger islands.  

Mesoscale wind resource maps of the long-term-mean wind speed and the long-term-mean 

wind power density at 55-meter-elevation can be compared with the NREL Wind Power 
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Classification (NREL, 2020). This reveals forty potential wind resource locations with wind 

speed and power density greater than 6.4 m/s and 300 W/m2 (these values correspond to Wind 

Power Class 3 for the 50-metre classification, which is considered feasible for utility-scale 

wind power applications). For the two main islands of Viti Levu and Vanua Levu where the 

national electricity grid is available, there are more than 500 km2 (500 × 1 km × 1 km grid 

cells) of areas on each island where the wind speed and the power density are greater than the 

Wind Power Class 3 thresholds. Using the rule-of-thumb that 1 km × 1 km of spatial area is 

required to site a 10 MW wind farm with 37 × 275 kW wind turbines having 5-rotor diameter 

(160 m) spacing across and downstream using a 6 × 6 array size (Guerrero-Lemus et al., 2018; 

Schallenberg-Rodríguez & Montesdeoca, 2018; Schallenberg-Rodríguez, 2013), the total 

available potential wind resource area of 1000 km2 (1000 × 1 km × 1 km) corresponds to an 

estimated 1000 MW theoretical potential installed capacity. To confirm this, micro-siting with 

a higher resolution model is required to make a decision considering the terrain complexities 

and the errors associated with the mesoscale modelling.  

For the smaller outer islands there is also potential for wind power development for rural 

electrification as the wind resource is available. However, such a development would have to 

be complimentary to other power systems such as diesel power plants which currently provide 

electricity in these locations. Outer islands like Gau, Ovalau, Taveuni and Kadavu can 

accommodate a few MW scale wind farms as there are isolated mini-grid electricity networks, 

which are mostly supported by diesel power plants and a micro-scale hydropower plant in the 

case of Taveuni.  

Other work has identified outer island sites of Gau (Singh, 2015), Kadavu (Sharma & Ahmed, 

2016) and Taveuni (Kumar & Nair, 2012) as potential sites for rural electrification, which the 

current mesoscale work also identifies. Comparing the results of this study with a recent WAsP 

microscale wind resource study undertaken by the authors (Dayal et al., 2021a), the WRF 

model is able to successfully identify the three reported potential utility-scale wind farm sites 

of Rakiraki, Nabouwalu and Udu. Looking at the seasonal cycle of wind speed, the measured 

and the modelled wind speed seasonal variability is small (< 1 m/s) over a period of 3 – 10 

years at all sites where measurements are available. The annual wind speed variability is low 

because Fiji is situated in the Southeast Trade winds zone, which are steady large-scale winds. 

The interannual variability is small as well (~0.8 m/s). The small natural variability of wind 

speed guarantees regular energy production.  
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The El-Nino, La-Nina and the ENSO events are the main modes of interannual variability 

observed on the ground. These are also captured by the model and are the cause of crests and 

the troughs of the interannual wind speed anomalies in Figures 8.20 – 8.25. According to the 

NASA Earth Observatory (NASA, 2021), El-Nino events occurred between 2009 – 2010, 2014 

– 2016 and 2018 – 2019, La Nina events occurred between 2008 – 2009, 2010 – 2012 and 2017 

– 2018 and ENSO events occurred between 2014 – 2016.   

The WRF model has a tendency to overestimate lower wind speeds and underestimate higher 

wind speeds (Al-Yahyai et al., 2010). The overestimation of wind speed can be observed at the 

following station locations where the measured wind speed is low: Keiyasi, Labasa, Seaqaqa, 

Wainikoro, Nausori, Saqani and RKS on the larger islands (% Bias > 49 %). The 

underestimation of wind speed can be observed at Rakiraki, Udu and Yasawa whereby the 

measured wind speeds are medium to high. Similar model behaviour is reported for studies 

done for Greece (Giannaros et al., 2017) and Hawaii (Argüeso & Businger, 2018).  

The results generated by numerical weather prediction models are only approximate due to 

simplifications of the topography and the physical processes which they use in order to make 

the problem tractable (Carvalho et al., 2013). There is a substantial difference in terms of the 

wind speed measurements available at 10-metre-elevation from AWSs, which are essentially 

measurements made at a single point, whereas the wind speeds calculated using the model are 

the grid cell average which corresponds to an area of 1 km × 1 km. The grid cells are relatively 

large with an assumed topography and roughness that can be very different from the real 

conditions (Larsén et al., 2013). Also, the measurements are made at an elevation of 10-metres, 

where structures in the close vicinity might influence the measurements. Such effects are not 

included in the WRF mesoscale model.  

There is also a possibility that the stations are out of calibration, as for these sites, the model is 

able to capture the diurnal cycle pattern, which is similar to the measured and the long-term 

average diurnal cycles but there is overestimation of wind speed.  

The terrain representation in the model can also contribute to errors. In Table 1 there are 

differences in the model and the real elevation at almost all station locations of between –62.4 

m (–8 %) and 54.4 m (170.5 %). For most stations where the topography is less resolved in the 

model than the real topography, there is an overestimation of wind speed. These include the 6 

AWSs mentioned earlier where there is a positive larger difference between the model and the 

measurements indicating overestimation of wind speed.   
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Significant sources of error in any numerical weather prediction model (such as the WRF 

model presented in this paper) include: the initial and the boundary conditions (in our case we 

are using coarse resolution output results from GCMs, which is almost the same for the entire 

domain as the resolution is around 100 km × 100 km); resolution of the domain (in our case 

it is an average of 1 km × 1 km); terrain and vegetation characteristics (in our case we used 

average values for each 1 km × 1 km grid cell); nudging and assimilation techniques; and the 

complexity of the terrain effects and their representation in the model (in our case we have seen 

differences) (Awan et al., 2011). The choice of the physical schemes can also contribute to 

errors in the model, as these schemes are based on many assumptions, and these assumptions 

may fail, or give an inadequate response to certain synoptic forcing, limiting their application. 

In terms of the applicability and value, the finest reanalysis data available globally is ERA5 

that is available at 31 km x 31 km grid resolution every hour since 1979, this research created 

high-resolution wind resource data at 1 km × 1 km resolution for the recent decade (2009-2018) 

for the whole of Fiji, even in locations where ground-based measurements are not available. 

This data has been used for potential wind resource site identification and to evaluate the 

theoretical potential of wind energy for Fiji. It can also be used to evaluate the technical 

potential by coupling it with a microscale model. The advantage of the microscale model 

(WAsP) is that it uses the wind atlas and generalisation methodology, which removes all the 

terrain influence from the model data going upwards to the free stream wind speed (geostrophic 

wind speed) and works downwards taking into account high-resolution terrain data to create a 

generalised wind climate which can be used at a predicted site to evaluate the wind resources 

with greater accuracy then the input data from the model (Mortensen et al., 2014). 

8.5 Conclusions 

This chapter presents a high-resolution mesoscale wind-resource assessment of the small island 

developing state (SIDS) of Fiji using a 10-year simulation of the Weather Research and 

Forecasting (WRF) model with convection-permitting resolution. Our analysis evaluates the 

wind speed and Weibull distributions, diurnal and annual wind speed patterns, model statistical 

analysis, resource maps of annual and seasonal wind speed, power density and interannual 

wind speed variability and anomalies. 

The results revealed that the WRF model simulated wind-resource parameters are in good 

agreement with the observations. The model can be reliably used to simulate the wind flow 

around the Fijian Islands in order to get reliable information on the wind resource. At 55 m 



191 

 

above ground, the annual mean wind speed and wind power density varies from 1.5 m/s to 8 

m/s and 50 W/m2 to 300 W/m2, respectively, for onshore land areas. Higher wind speeds are 

observed during austral winter than in austral summer. Forty high wind-resource areas are 

identified in this study, which were previously unknown. This indicates that there is potential 

for utility-scale wind power generation at selected locations with wind speed and power density 

greater than 6.4 m/s and 300 W/m2 (NREL Wind Power Class 3 at an elevation of 50 m).  

As the first mesoscale wind resource modelling exercise for the SIDS of Fiji for the recent 

decade (2009 – 2018), our study supports the idea that the SIDS in the Pacific can utilize their 

wind-resource to ease its dependence on diesel-based power generation. It also provides a 

methodology for mesoscale wind-resource assessment for the SIDS in the Southwest Pacific 

together with the identification and verification of potential wind resource sites.  

In future work, it is recommended that the WRF model results are coupled with the linear wind 

flow model WAsP. Such an approach could improve the accuracy of the wind speed prediction 

by taking into account high-resolution micro-scale features of the topography and vegetation 

characteristics. This could also assist in determining the accuracy of the wind speed prediction 

as well as evaluating the wind energy potential for the identified locations from the high-

resolution mesoscale wind resource mapping exercise. 
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Chapter 9 Wind Energy for Fiji using the 

Mesoscale-Microscale (WRF-WAsP) 

Coupling Methodology 

 

This chapter presents an analysis and comparison of the proposed WRF-WAsP coupling 

methodology and evaluates the improvement in the accuracy of the wind predictions for the 

SIDS of Fiji in the tropical South Pacific. It also evaluates the potential of wind energy that can 

be harnessed for utility-scale wind power applications at the identified wind resource sites 

using the decade-long, high-resolution (1 km × 1 km) wind data coupled to the industry 

standard wind resource assessment model, WAsP. The results revealed that the proposed WRF-

WAsP coupling methodology can be used as a standard wind resource assessment methodology 

provided very-high resolution dynamically downscaled wind resource data is available in the 

order of 10 years for utility-scale wind power applications. The analysis also revealed that the 

1 km × 1 km WRF model data from d03 is best for coupling WRF-WAsP for resource mapping 

and evaluation. The coupling methodology of WRF-WAsP improved the accuracy of the wind 

prediction by 0.2 – 6 % for the wind resource parameters for Fiji. Fiji has a potential installed 

capacity of 720 MW with 2114 GWh electricity generation capacity from wind energy. Even 

if a quarter of the potential installed capacity is installed over a decade at the identified potential 

wind resource sites, Fiji can achieve its target of generating 100 % electricity generation from 

renewable energy resources.  
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9.1 Introduction 

The demand for electricity generation from clean energy sources is increasing rapidly in 

developed and developing countries around the globe (REN21, 2020; GWEC, 2020). This is 

done in an attempt to reduce carbon emissions from the use of fossil-fuel based power stations 

and has led individual countries to set renewable energy targets for electricity generation in 

their national electricity grid networks. Amongst these countries is the SIDS of Fiji, which aims 

to achieve 100 % electricity generation from renewables by 2030 (Government of Fiji, 2015). 

The current quota of fossil-fuel based power generation amounts to approximately 40 – 50 % 

(EFL, 2019), which must be replaced with renewable energy-based power stations to achieve 

this target. This is ambitious for the SIDS of Fiji in terms of identification of potential 

renewable energy resource sites that can be utilized for electricity generation, and the funding 

required to execute the development of large-scale renewable energy projects.  

To aid Fiji in the area of resource identification, a decade long (2009 – 2018) mesoscale wind 

resource assessment has been conducted at a grid resolution of 1 km × 1 km using the WRF 

model via dynamical downscaling and two-way nesting approach for all of Fijian Islands 

(Dayal et al., 2021b). This mesoscale wind resource mapping exercise can be used for wind 

resource site identification and to provide high-resolution wind-resource data at any specific 

location where wind data was previously not available and the potential for wind was unknown. 

However, this wind resource data must be used with a microscale model to carry out micro-

siting energy calculations. It was decided to couple WRF model results with the linear wind 

flow model WAsP to investigate whether better information on power generation is achieved 

with the coupled approach. By doing so, this could improve the accuracy of the wind speed 

predictions by taking into account high-resolution micro-scale features of the topography and 

vegetation characteristics. It could also assist in estimating the wind energy that can be 

harnessed for utility-scale electricity generation (Dayal et al., 2021b). 

The accuracy of the wind speed predictions is of utmost importance when it comes to modelling 

wind resources for the purpose of utility-scale wind power applications (Al-Yahyai et al., 

2010). Even with the modern technological advancements in the area of wind speed 

measurements, numerous challenges are faced by wind engineers and developers when it 

comes to providing an accurate assessment of the wind resource especially in developing 

countries and with areas where no standard wind mast-based measurements are available. 

Numerous research methods have been developed over time for wind resource assessments 

from microscale to mesoscale and to the coupling of mesoscale and microscale approaches for 
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wind resource assessment (Brower, 2012). The most recent area of research interest amongst 

scientists and engineers is integrating mesoscale and microscale models in attempts to provide 

an accurate industry standard wind-resource assessment methodology.  

Mesoscale models have been used as a source of wind data for wind resource assessment and 

for wind resource mapping (Al-Yahyai et al., 2010). The modelling results have either been 

used directly in microscale models or for resource mapping of larger areas for the development 

of regional wind resource maps. These studies include the wind resource mapping for Norway 

using WRF-WAsP, with results showing deviations between 3 % - 25 % depending on the 

complexity of the terrain (Byrkjedal and Berge, 2008); the wind atlas for Egypt using the 

Karlsruhe Atmospheric Mesoscale Model (KAMM-WAsP) via statistical-dynamical 

downscaling, with 5 % and 10 % deviations in the simulated wind speed in simple and complex 

terrains (Mortensen et al., 2006); the wind atlas for Spain using the Skiron mesoscale model, 

with annual wind speed bias of 1.87 m/s over simple terrain and 2.5 m/s over complex terrain 

(Gastion et al., 2008); wind resource modelling in complex terrain using WRF-WAsP in 

Portugal for two sites, with wind speed deviations between – 36.3 % to 7.3 % (Carvalho et al., 

2013); assessment of wind resources in two parts of Northeast Brazil with WRF-WAsP, with 

– 3.77 % and – 36.32 % deviations in the annual mean wind speed for simple and complex 

terrains (Silva dos Santos, 2016); and building the wind atlas for Finland using the mesoscale 

model AROME and WAsP, with wind speed deviations of – 9.23 % to 1.64 % (Tammelin et 

al., 2013).  

The major limitations of the previous studies are that mesoscale model results were obtained 

by running simulations at a single domain resolution greater than 2 km × 2 km for 1 – 5 years 

from coarse resolution general circulation model data. Because of the low grid resolution of 

the model simulation domain, one of the studies suggests not to directly compare winds based 

on mesoscale models with measurements for the purpose of verification, nor to directly use 

winds from mesoscale models to a specific turbine site for power production calculations or 

assessment of wind conditions. This is because the important features of the topography in the 

vicinity of the measurement station or turbine site are not resolved by the mesoscale model at 

grid resolutions of 2 km × 2 km and above (Badger et al., 2010).  

The microscale RANS-CFD model WindSim has also been tested for predicting wind speed 

and wind direction along-side WRF and via coupling over a complex terrain wind park in 

Nygårdsfjell in Norway for three high-wind events (Bilal et al., 2016). There was no significant 

improvement revealed in the WRF-WindSim coupling, suggesting that further testing over a 
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large number of test cases is required. The study recommended further simulations over a 

longer period of time and with different combinations of WRF and WindSim settings (Bilal et 

al., 2016).  

A similar methodology has been applied in another study on meso-microscale coupling for 

wind resource assessment using averaged atmospheric stability conditions at Honkajoki wind 

farm in Finland for one year (Pablo et al., 2019). The results of the study revealed that coupled 

simulations reproduce a more realistic shear. For estimated energy production, there is no 

significant difference between coupled and standalone models. However, a considerable 

difference in horizontal wind speed patterns was observed between the coupled and non-

coupled approaches and this shows that the WRF model resolution has only a small influence 

on the coupled CFD results (Pablo et al., 2019). 

Looking at the mesoscale-microscale coupling studies (Byrkjedal and Berge, 2008; Mortensen 

et al., 2006; Gastion et al., 2008; Carvalho et al., 2013; Silva dos Santos, 2016; Tammelin et 

al., 2013; Badger et al., 2010; Bilal et al., 2016; Pablo et al., 2019), it can be inferred that it is 

still challenging to achieve the desired accuracy of wind speed predictions. There is still no 

acceptable industry standard wind-resource assessment methodology when it comes to 

coupling a mesoscale model with a microscale model. This provides an opportunity to 

investigate new approaches to mesoscale-microscale coupling studies.    

In this study, we propose an approach to directly couple decade long dynamically downscaled 

time-series medium resolution simulation data (in the order of 15 km × 15 km and 5 km × 5 

km) to higher resolution (in the order of 1 km × 1 km) mesoscale wind resource data as input 

boundary conditions to run the linear wind flow model WAsP. This approach can be compared 

to AWS data to assess the accuracy of the wind predictions. The best coupled results can be 

used at wind resource sites to evaluate the potential of wind energy that can be harnessed for 

utility-scale wind power applications. To the knowledge of the author, this approach has not 

been tested previously with any study applying decade-long high-resolution (1 km × 1 km) 

dynamically downscaled WRF data to run the microscale model WAsP for micro-siting. 

In this chapter, we aim to answer two research questions: 

I. Does a coupled WRF-WAsP methodology increase the accuracy of wind prediction for 

the SIDS of Fiji in the tropical South Pacific? 
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II. Fiji targets to achieve 100% of electricity generation from renewables by 2030. To what 

capacity (in MW and GWh) can wind energy contribute towards overall renewable 

electrical power generation? 

Section 9.2 of this chapter describes the methodology, the results are presented in section 9.3, 

then discussed in section 9.4 and the conclusions are presented in section 9.5.  

9.2 Methodology 

The methodology for this chapter is divided into two parts: first, the coupling of WRF-WAsP 

at AWS locations using WRF model wind data from three domains (d01 = 15 km × 15 km, d02 

= 5 km × 5 km and d03 = 1 km × 1 km) into WAsP for analysis and comparison and secondly, 

using the data from domain 3 (1 km × 1 km) for identified potential wind-resource sites as 

input boundary conditions into WAsP for micro-siting.  

The overview of the first part of methodology was presented in Section 3.2.3 (Mesoscale-

microscale (WRF-WAsP) coupling). Since a good agreement between the mesoscale wind 

resource mapping for Fiji at a grid resolution of 1 km × 1 km against 24 AWSs was obtained 

in a recent study ((Dayal et al., 2021b), which is presented in chapter 8), it is proposed to 

directly couple high-resolution (1 km × 1 km) WRF data as input into WAsP. Subsequently a 

two-way nesting approach has been used for the mesoscale simulations for the three domains 

whereby the flow of information goes from the coarser domains to the finer domains, with 

feedback from the inner domains. The averaged values over the grid points from the inner 

domain are shared to the parent domains to overwrite values at corresponding grid points. The 

two-way nesting approach was used so that the coarser grid results can be improved using the 

higher-resolution grid results of the inner domain in case of resource mapping using the data 

from the outer domains. In this way the results from a more resolved topography from the finest 

grid is used to overwrite the results of the outer grids improving its results (Dayal et al., 2020a). 

Since the two-way nested approach was used to improve the results of domains 1 and 2 with 

the results of the high-resolution of domain 3, the results from domains 1 and 2 were also tested 

for coupling with WAsP. Time series wind data from the three domains of 15 km × 15 km, 5 

km × 5 km and 1 km × 1 km are input into WAsP and are evaluated in terms of mean wind 

speed, Weibull 𝐴 and 𝑘 parameters and wind power density for 24 AWSs. The locations and 

the details of the AWSs are presented in Section 3.1. The data period used in the evaluation is 

the same as the data availability from measurements for the 24 individual stations on the order 

of 2 – 8 years as outlined in chapter 4.   
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The methodology for micro-siting wind turbines to evaluate the wind energy that can be 

harnessed for utility-scale wind power applications is adopted from a recent study on wind 

resource assessment of selected locations in Fiji (Dayal et al., 2021a), which is presented in 

chapter 4. The decade-long (2009 – 2018) high-resolution (1 km × 1 km) time series WRF 

wind data from the wind resource sites are used as virtual wind measuring masts at 10 m 

elevation. The position of the virtual wind measuring masts in WAsP is matched with the same 

elevation (above mean sea-level) as in the WRF model. This is done so that WAsP can apply 

the wind atlas methodology from the same height. The background information on the wind-

atlas methodology is provided in Section 2.5.4. The evaluation is presented in terms of 

proposed installed capacity, average wind speed per wind turbine, average wind power density 

per wind turbine, average AEP per wind turbine, net wind farm AEP per year, average wind 

farm wake losses, average RIX per wind turbine, average dRIX per wind turbine and wind farm 

capacity factor. 

The methodology for the economic analysis is adopted from a recent study on an analysis of 

the Butoni wind farm in Fiji (Dayal et al., 2021c), which is presented is chapter 5. The 

economic analysis includes capital costs, operation and maintenance costs, fixed charge rate, 

feed-in-tariff, average annual return, payback time and cost of energy generation. The 

economic analysis is done to provide an overview of the proposed wind farm economic 

parameters related to wind energy. 

The proposed wind farms are sited using the Vergnet 275 kW wind turbines on the main islands 

where there are electricity grid networks, and also at sites where there is a possibility of setting 

up an isolated grid network with hybrid power systems on the outer islands. Details about the 

wind turbine are presented in chapter 4. 

Figure 9.1 shows a map of Fiji with the sites where micro-siting has been performed at a grid 

resolution of 50 m × 50 m for domains of 6 km × 6 km to 16 km × 16 km depending on the 

location. 
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Figure 9.1 Sites where micro-siting has been performed using WAsP to evaluate utility-

scale wind power application in Fiji [Original Map Source: Google Earth]. 

The latitude, longitude, and the elevation above mean sea level of the wind resource sites where 

virtual measuring masts have been used for sitting are presented in Table 9.1. 
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Table 9.1 Virtual Wind Measuring Sites 

Location Latitude Longitude Elevation (m a.s.l.) 

Rakiraki -17.3404 178.2214 17.8 

Nabouwalu -16.9939 178.6892 35.2 

Yaqara -17.4330 177.9774 30.0 

Udu -16.1411 -179.9947 53.7 

Vunisea -19.0441 178.1694 80.0 

Yasawa -16.6984 177.5746 50.0 

Koro Island  -17.3445 179.4037 363.7 

Site 1 -17.4249 178.2071 391.2 

Site 2 -17.4445 178.0917 616.9 

Site 3 -17.5036 178.0399 430.7 

Site 4 -17.5770 177.9833 963.4 

Site 5 -17.5874 177.8628 622.3 

Site 6 -17.6798 177.9945 798.3 

Site 7 -17.7629 178.0004 1164.0 

Site 8 -17.8573 177.9815 1061.2 

Site 9 -17.9613 178.0033 895.4 

Site 10 -18.0325 177.9331 340.5 

Site 11 -18.0889 177.8658 400.9 

Site 12 -18.1535 177.7526 520.0 

Site 13 -18.0709 177.6964 578.1 

Site 14 -17.8918 177.5610 1009.0 

Site 15 -17.6849 178.5060 518.9 

Site 16 -17.3948 178.0457 215.6 

Site 17 -17.9232 177.3184 148.2 

Site 18 -16.9958 178.7416 300.6 

Site 19 -16.8623 178.7169 540.4 

Site 20 -16.7815 178.7745 433.9 

Site 21 -16.7296 178.8572 324.5 

Site 22 -16.7067 178.9500 462.0 

Site 23 -16.6366 179.0309 172.6 

Site 24 -16.5701 179.2175 337.5 

Site 25 -16.7019 179.3193 174.0 

Site 26 -16.5373 179.4972 858.4 

Site 27 -16.5903 179.7960 688.8 

Site 28 -16.4055 179.6221 668.6 

Site 29 -16.3409 179.7413 447.7 

Site 30 -16.2240 179.8795 386.3 

Site 31 -16.9118 179.9686 939.9 

Site 32 -17.6703 178.8088 581.9 

Site 33 -17.9927 179.2811 702.8 

Site 34 -18.9823 178.1789 43.1 

Site 35 -18.9727 178.3560 594.1 

Site 36 -16.2623 179.8092 136.6 
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9.3 Results 

This section presents the results in two parts: the analysis of wind speed prediction in WAsP at 

AWSs for the WRF-WAsP coupling, and the evaluation of the wind energy potential at wind 

resource sites using WRF-WAsP coupling and micro-siting wind turbines. 

9.3.1 Wind Speed Prediction 

Tables 9.2 – 9.4 present the analysis and comparison of measured wind data used in WAsP 

with WRF wind data coupled in WAsP (WRF-WAsP). There is an improvement in overall 

RMS bias of 1.6 % from d01 – d02 and 10.4 % from d02 – d03 for wind speed, 1.5 % from 

d01 – d02 and 10.8 % from d02 – d03 for Weibull A parameter, 4.9 % from d01 – d02 and 6.5 

% from d02 – d03 for Weibull k parameter, 6.8 % from d01 – d02 and 17.7 % from d02 – d03 

for wind power density.  

For few (2 – 3) AWSs located in complex topography and/or closer to the coastline, better 

results are obtained from the coupling of the medium resolution grids of 15 km × 15 km and 5 

km × 5 km in comparison with the higher grid resolution. This is also expected in some cases 

depending on the features of the topographical representation, as in complex topography and 

near coastlines the WRF high-resolution grid cell averaged wind data is over a smaller area. 

An average over a larger area in such cases would provide a better representation of an averaged 

topography. 

Table 9.5 presents the analysis and comparison of WRF with coupled WRF-WAsP for d03 = 

1 km × 1 km. The RMS bias across all 24 AWSs for the wind speed, Weibull A and k parameters 

and the wind power density are 0.04 m/s, 0.05 m/s, 0.04 and 1.2 W/m2. Since most of the WRF 

modelled wind resource parameters are overestimated in comparison with measurements, a 

reduction in the WRF-WAsP from WRF data at AWSs will denote an improvement in the 

predictions by the coupling. There is an improvement (closest to the ground-based 

measurements) in the prediction of wind speed, Weibull A parameter, Weibull k parameter and 

wind power density in the order of 0.5 – 2.0 %, 0.2 – 2.7 %, 0.7 – 2.7 % and 1.4 – 6 % 

respectively, from the mesoscale (WRF) model to the mesoscale-microscale (WRF-WAsP) 

coupling. Each of the individual stations show better agreement in the wind resource 

parameters, indicating that the coupling of WRF-WAsP improves the predictions. Since the 

improvement in the prediction of the wind resource parameters by the coupling is significant 

for the high-resolution of 1 km x 1 km WRF model data, it can be used into the WAsP model 

for micro-siting wind turbines for potential wind farm sites.
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Table 9.2 Evaluation of WAsP-Measured (M) and WAsP-WRF (WRF) using input data from d01 = 15 km × 15 km 

Location M (m/s) 

WRF 

(m/s) 

Bias 

(m/s) 

A - M 

(m/s) 

A - WRF 

(m/s) 

Bias 

(m/s) 

k - 

M 

k - 

WRF Bias 

P - M 

(W/m2) 

P - WRF 

(W/m2) 

Bias 

(W/m2) 

Keiyasi 1.20 1.43 0.23 1.30 1.50 0.20 1.23 1.10 -0.13 4 9 5 

Koro Is 3.80 5.50 1.70 4.30 6.20 1.90 2.04 2.90 0.86 62 146 84 

Korolevu 3.30 4.79 1.49 3.70 5.40 1.70 1.94 2.30 0.36 43 113 70 

Labasa 1.60 3.51 1.91 1.70 4.00 2.30 1.36 2.43 1.07 8 42 34 

Levuka 2.80 6.11 3.31 3.10 6.80 3.70 1.28 3.06 1.78 48 194 146 

Lomaivuna 1.90 2.36 0.46 2.20 2.60 0.40 1.55 1.73 0.18 12 18 6 

Momi 4.20 3.18 -1.02 4.70 3.60 -1.10 2.05 1.79 -0.26 84 42 -42 

Nadarivatu 2.80 3.10 0.30 3.10 3.50 0.40 1.74 2.29 0.55 29 31 2 

Nadi 2.60 2.38 -0.22 2.90 2.70 -0.20 1.55 2.39 0.84 27 14 -13 

Nausori 2.50 3.06 0.56 2.70 3.40 0.70 1.47 1.95 0.48 26 34 8 

Rakiraki 6.30 4.56 -1.74 7.10 5.10 -2.00 2.53 2.34 -0.19 241 96 -145 

Rarawai 1.70 2.03 0.33 1.90 2.30 0.40 1.36 1.90 0.54 10 10 0 

RKS 2.00 3.78 1.78 2.30 4.30 2.00 1.60 2.34 0.74 13 55 42 

Saqani 2.60 4.08 1.48 2.60 4.60 2.00 0.97 2.69 1.72 68 62 -6 

Seaqaqa 1.40 2.61 1.21 1.50 2.90 1.40 1.24 2.04 0.80 7 20 13 

Sigatoka 2.00 3.90 1.90 2.20 4.40 2.20 1.60 2.03 0.43 11 68 57 

Suva 2.80 3.98 1.18 2.90 4.50 1.60 1.06 2.17 1.11 70 68 -2 

Tokotoko 2.40 4.47 2.07 2.60 5.00 2.40 1.41 2.00 0.59 25 104 79 

Udu 5.50 6.42 0.92 6.10 7.20 1.10 2.49 3.09 0.60 157 223 66 

Viwa 3.80 5.72 1.92 4.20 6.40 2.20 1.69 2.53 0.84 75 179 104 

Vunisea 4.10 5.54 1.44 4.60 6.20 1.60 2.00 2.63 0.63 82 159 77 

Wainikoro 1.80 3.93 2.13 1.90 4.40 2.50 1.44 2.55 1.11 10 58 48 

Yaqara 3.90 2.69 -1.21 4.40 3.00 -1.40 2.31 1.76 -0.55 63 26 -37 

Yasawa 6.60 7.20 0.60 7.40 8.00 0.60 2.72 3.17 0.45 258 312 54 

RMS 3.07 4.01 1.30 3.39 4.50 1.50 1.69 2.30 0.70 60 87 47 
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Table 9.3 Evaluation of WAsP-Measured (M) and WAsP-WRF (WRF) using input data from d02 = 5 km × 5 km 

Location M (m/s) 

WRF 

(m/s) 

Bias 

(m/s) 

A - M 

(m/s) 

A - WRF 

(m/s) 

Bias 

(m/s) k - M 

k - 

WRF Bias 

P - M 

(W/m2) 

P – WRF 

(W/m2) 

Bias 

(W/m2) 

Keiyasi 1.20 1.52 0.32 1.30 1.50 0.20 1.23 1.01 -0.22 4 12 8 

Koro Is 3.80 5.06 1.26 4.30 5.70 1.40 2.04 3.08 1.04 62 110 48 

Korolevu 3.30 4.63 1.33 3.70 5.20 1.50 1.94 2.26 0.32 43 103 60 

Labasa 1.60 3.51 1.91 1.70 4.00 2.30 1.36 2.15 0.79 8 47 39 

Levuka 2.80 6.08 3.28 3.10 6.80 3.70 1.28 2.99 1.71 48 194 146 

Lomaivuna 1.90 2.51 0.61 2.20 2.80 0.60 1.55 1.69 0.14 12 22 10 

Momi 4.20 2.70 -1.50 4.70 3.00 -1.70 2.05 1.70 -0.35 84 28 -56 

Nadarivatu 2.80 3.07 0.27 3.10 3.50 0.40 1.74 1.90 0.16 29 36 7 

Nadi 2.60 2.31 -0.29 2.90 2.60 -0.30 1.55 1.91 0.36 27 15 -12 

Nausori 2.50 3.15 0.65 2.70 3.50 0.80 1.47 1.90 0.43 26 38 12 

Rakiraki 6.30 4.59 -1.71 7.10 5.20 -1.90 2.53 2.24 -0.29 241 102 -139 

Rarawai 1.70 1.70 0.00 1.90 1.90 0.00 1.36 1.47 0.11 10 8 -2 

RKS 2.00 4.29 2.29 2.30 4.80 2.50 1.60 2.47 0.87 13 77 64 

Saqani 2.60 4.79 2.19 2.60 5.40 2.80 0.97 3.06 2.09 68 93 25 

Seaqaqa 1.40 3.30 1.90 1.50 3.70 2.20 1.24 2.26 1.02 7 38 31 

Sigatoka 2.00 2.96 0.96 2.20 3.30 1.10 1.60 1.53 -0.07 11 42 31 

Suva 2.80 3.90 1.10 2.90 4.40 1.50 1.06 1.99 0.93 70 70 0 

Tokotoko 2.40 3.83 1.43 2.60 4.30 1.70 1.41 1.73 0.32 25 77 52 

Udu 5.50 6.10 0.60 6.10 6.80 0.70 2.49 2.90 0.41 157 199 42 

Viwa 3.80 5.93 2.13 4.20 6.70 2.50 1.69 2.59 0.90 75 196 121 

Vunisea 4.10 4.96 0.86 4.60 5.60 1.00 2.00 2.19 0.19 82 131 49 

Wainikoro 1.80 3.71 1.91 1.90 4.20 2.30 1.44 2.32 0.88 10 52 42 

Yaqara 3.90 2.63 -1.27 4.40 2.90 -1.50 2.31 1.56 -0.75 63 29 -34 

Yasawa 6.60 6.76 0.16 7.40 7.60 0.20 2.72 3.19 0.47 258 258 0 

RMS 3.07 3.92 1.25 3.39 4.39 1.45 1.69 2.17 0.62 60 82 43 
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Table 9.4 Evaluation of WAsP-Measured (M) and WAsP-WRF (WRF) using input data from d03 = 1 km × 1 km 

Location M (m/s) 

WRF 

(m/s) 

Bias 

(m/s) 

A - M 

(m/s) 

A - WRF 

(m/s) 

Bias 

(m/s) k - M k - WRF Bias 

P - M 

(W/m2) 

P - WRF 

(W/m2) 

Bias 

(W/m2) 

Keiyasi 1.20 1.97 0.77 1.30 2.10 0.80 1.23 1.22 -0.01 4 18 14 

Koro Is 3.80 4.62 0.82 4.30 5.20 0.90 2.04 2.53 0.49 62 95 33 

Korolevu 3.30 4.00 0.70 3.70 4.50 0.80 1.94 2.18 0.24 43 69 26 

Labasa 1.60 3.02 1.42 1.70 3.40 1.70 1.36 2.75 1.39 8 25 17 

Levuka 2.80 5.41 2.61 3.10 6.10 3.00 1.28 2.78 1.50 48 143 95 

Lomaivuna 1.90 2.66 0.76 2.20 3.00 0.80 1.55 1.76 0.21 12 25 13 

Momi 4.20 3.32 -0.88 4.70 3.70 -1.00 2.05 2.31 0.26 84 38 -46 

Nadarivatu 2.80 3.76 0.96 3.10 4.20 1.10 1.74 2.22 0.48 29 56 27 

Nadi 2.60 2.83 0.23 2.90 3.20 0.30 1.55 2.41 0.86 27 23 -4 

Nausori 2.50 3.12 0.62 2.70 3.50 0.80 1.47 1.85 0.38 26 39 13 

Rakiraki 6.30 5.84 -0.46 7.10 6.60 -0.50 2.53 2.49 -0.04 241 193 -48 

Rarawai 1.70 1.66 -0.04 1.90 1.80 -0.10 1.36 1.40 0.04 10 8 -2 

RKS 2.00 4.07 2.07 2.30 4.60 2.30 1.60 2.33 0.73 13 69 56 

Saqani 2.60 4.19 1.59 2.60 4.70 2.10 0.97 2.69 1.72 68 68 0 

Seaqaqa 1.40 2.24 0.84 1.50 2.50 1.00 1.24 1.41 0.17 7 21 14 

Sigatoka 2.00 2.46 0.46 2.20 2.70 0.50 1.60 1.47 -0.13 11 26 15 

Suva 2.80 3.39 0.59 2.90 3.80 0.90 1.06 1.83 0.77 70 50 -20 

Tokotoko 2.40 3.26 0.86 2.60 3.60 1.00 1.41 1.64 0.23 25 51 26 

Udu 5.50 4.97 -0.53 6.10 5.60 -0.50 2.49 2.39 -0.10 157 123 -34 

Viwa 3.80 5.95 2.15 4.20 6.70 2.50 1.69 2.55 0.86 75 201 126 

Vunisea 4.10 4.67 0.57 4.60 5.30 0.70 2.00 2.05 0.05 82 116 34 

Wainikoro 1.80 3.56 1.76 1.90 4.00 2.10 1.44 2.28 0.84 10 47 37 

Yaqara 3.90 4.02 0.12 4.40 4.50 0.10 2.31 1.98 -0.33 63 77 14 

Yasawa 6.60 6.14 -0.46 7.40 6.90 -0.50 2.72 3.08 0.36 258 196 -62 

RMS 3.07 3.80 0.93 3.39 4.26 1.08 1.69 2.15 0.51 60 74 32 
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Table 9.5 Evaluation of WRF and WAsP-WRF using input data from d03 = 1 km × 1 km 

Location 
WRF 
(m/s) 

WRF-WAsP 
(m/s) 

Bias 
(m/s) 

A - WRF 
(m/s) 

A - WRF- 
WAsP (m/s) 

Bias 
(m/s) 

k - 
WRF 

k - WRF-
WAsP Bias 

P - WRF 
(W/m2) 

P – WRF 

-WAsP 
(W/m2) 

Bias 
(W/m2) 

Keiyasi 2.00 1.97 -0.03 2.11 2.10 -0.01 1.23 1.22 -0.01 4.9 4.7 -0.2 

Koro Is 4.65 4.62 -0.03 5.13 5.20 0.07 2.60 2.53 -0.07 61.6 60.4 -1.2 

Korolevu 4.03 4.00 -0.03 4.49 4.50 0.01 2.22 2.18 -0.04 40.1 39.2 -0.9 
Labasa 3.06 3.02 -0.04 3.35 3.40 0.05 2.69 2.75 0.06 17.6 16.9 -0.7 

Levuka 5.45 5.41 -0.04 5.94 6.10 0.16 2.73 2.78 0.05 99.2 97.0 -2.2 

Lomaivuna 2.66 2.66 0.00 2.96 3.00 0.04 1.76 1.76 0.00 11.5 11.5 0.0 
Momi 3.36 3.32 -0.04 3.69 3.70 0.01 2.34 2.31 -0.03 23.2 22.4 -0.8 

Nadarivatu 3.80 3.76 -0.04 4.20 4.20 0.00 2.22 2.22 0.00 33.6 32.6 -1.0 

Nadi 2.87 2.83 -0.04 3.17 3.20 0.03 2.38 2.41 0.03 14.5 13.9 -0.6 

Nausori 3.15 3.12 -0.03 3.48 3.50 0.02 1.87 1.85 -0.02 19.1 18.6 -0.5 
Rakiraki 5.95 5.84 -0.11 6.47 6.60 0.13 2.51 2.49 -0.02 129.0 122.0 -7.0 

Rarawai 1.69 1.66 -0.03 1.80 1.80 0.00 1.40 1.40 0.00 3.0 2.8 -0.2 

RKS 4.09 4.07 -0.02 4.52 4.60 0.08 2.39 2.33 -0.06 41.9 41.3 -0.6 
Saqani 4.21 4.19 -0.02 4.66 4.70 0.04 2.65 2.69 0.04 45.7 45.1 -0.7 

Seaqaqa 2.20 2.24 0.04 2.44 2.50 0.06 1.42 1.41 -0.01 6.5 6.9 0.4 

Sigatoka 2.44 2.46 0.02 2.70 2.70 0.00 1.47 1.47 0.00 8.9 9.1 0.2 
Suva 3.46 3.39 -0.07 3.79 3.80 0.01 1.85 1.83 -0.02 25.5 23.9 -1.5 

Tokotoko 3.25 3.26 0.01 3.62 3.60 -0.02 1.64 1.64 0.00 21.0 21.2 0.2 

Udu 4.95 4.97 0.02 5.52 5.60 0.08 2.42 2.39 -0.03 74.3 75.2 0.9 

Viwa 5.93 5.95 0.02 6.60 6.70 0.10 2.55 2.55 0.00 127.7 129.0 1.3 
Vunisea 4.70 4.67 -0.03 5.23 5.30 0.07 2.08 2.05 -0.03 63.6 62.4 -1.2 

Wainikoro 3.59 3.56 -0.03 3.99 4.00 0.01 2.28 2.28 0.00 28.3 27.6 -0.7 

Yaqara 4.09 4.02 -0.07 4.51 4.50 -0.01 2.01 2.31 0.30 41.9 39.8 -2.1 
Yasawa 6.20 6.14 -0.06 6.80 6.90 0.10 2.91 3.08 0.17 146.0 141.8 -4.2 

RMS 3.82 3.80 0.04 4.22 4.26 0.05 2.15 2.16 0.04 45.35 44.38 1.2 
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9.3.2 Wind Resource Evaluation 

Table 9.6 presents the parameters for wind resource sites for utility-scale wind power 

applications. Following the NREL classification (NREL, 2021), there is a total of 36 wind 

resource sites where there is potential for utility-scale wind power applications. These sites can 

accommodate from 10 MW (37 wind turbines) to a maximum of 50 MW (185 wind turbines) 

installed capacity using the Vergnet 275 kW wind turbines. Sixteen sites are located on Viti 

Levu with a potential installed capacity of 360 MW, thirteen sites are located on Vanua Levu 

with a potential installed capacity of 250 MW and seven sites are located on outer islands with 

a potential installed capacity of 110 MW. The average wind speed/wind turbine varies 6.23 

m/s – 9.68 m/s, the average power density/wind turbine varies from 202 W/m2 – 872 W/m2, net 

AEP/year varies from 0.490 GWh/year – 1.281 GWh/year, average wake losses/wind farm 

varies from 0.70 % - 13.50 %, average RIX/wind turbine varies from 0.37 % - 30.32 %, average 

dRIX/wind turbine and the wind farm capacity factor varies from 0.09 % - 2.18 % and 0.21 – 

0.49, respectively. Sites 14, 15, 17, 21, 23, 28 and 34 did not have Class 3 wind resources for 

utility-scale wind power applications and thus, have been excluded from the tables. 

Table 9.7 presents the economic parameters for wind resource sites for utility-scale wind power 

applications. The capital costs, operation and maintenance costs are adopted from literature 

(IRENA, 2019), the fixed charge rate and the feed-in-tariff is adopted from relevant Fiji 

government organizations (Fiji Commerce Commission, 2021; RBF, 2019) as presented in 

chapter 5. The installation costs, operational and maintenance costs, annual average return, 

payback time and cost of energy generation varies from FJD $34 million, FJD $1.815 million, 

FJD $5.445 million, 6.2 years and FJD $0.21 for a 10 MW wind farm to FJD $170 Million, 

FJD $18.757 million, FJD $56.272 million, 3.2 years and FJD $0.16 for a 50 MW wind farm.  

A total installed capacity of 720 MW is possible, with an average wind speed of 7.73 m/s, 

power density of 482 W/m2, net annual energy production of 2114 GWh/year, wake losses of 

3.56 % and average capacity factor of 0.36. The 720 MW wind farm installations would cost a 

total of FJD $2.448 billion with an average payback time of 3.8 years and cost of energy 

generation of FJD $0.17.  

High-resolution microscale wind resource maps of mean wind speed, power density and annual 

energy production at an elevation of 55 m using a Vernet 275 kW wind turbine for the potential 

wind resource sites can be found in the Appendix D. 
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Table 9.6 Evaluation of the wind resource parameters for potential wind resource sites for utility-scale wind power applications 

Location 

Number  
of 

WTGs 

Proposed 
Installed Capacity 

(MW) 

Average 
WS/WTG  

(m/s) 

Average 
WPD/WTG  

(W/m2) 

Average 
AEP/WTG 

(GWh) 

Net Annual  

AEP (GWh) 

Average 
Wake  

Losses (%) 

Average  
RIX/WTG 

(%) 

Average  
dRIX/WTG 

(%) 

Capacity  

Factor 

Rakiraki 185 50 8.38 568 0.969 179.352 4.5 12.4 1.0 0.41 
Nabouwalu 185 50 8.86 763 1.014 187.575 6.3 9.9 1.1 0.43 
Yaqara 148 40 7.67 538 0.847 125.298 2.8 12.1 0.9 0.36 
Udu 111 30 7.06 331 0.657 72.883 13.5 0.9 0.5 0.28 
Vunisea 74 20 7.51 428 0.811 60.022 3.7 9.0 1.2 0.34 
Yasawa 37 10 8.8 583 1.153 42.672 1.1 0.4 0.2 0.49 

Koro Island 37 10 8.46 564 1.033 38.237 1.7 11.0 -1.7 0.44 
Site 1 37 10 6.27 320 0.631 23.353 0.7 18.7 -1.0 0.27 
Site 2 37 10 8.66 779 1.052 38.919 1.3 25.8 1.1 0.44 
Site 3 37 10 7.41 322 0.774 28.624 1.4 30.3 1.5 0.33 
Site 4 37 10 7.98 500 0.913 33.794 1.0 27.6 1.1 0.39 
Site 5 185 50 8.18 555 0.933 172.652 2.6 20.8 0.8 0.39 
Site 6 148 40 8.97 699 1.059 156.791 4.3 11.7 1.3 0.45 
Site 7 37 10 7.04 317 0.716 26.525 1.1 9.1 0.6 0.30 
Site 8 37 10 8.44 554 0.919 33.996 8.1 16.3 1.6 0.39 

Site 9 37 10 7.54 468 0.768 28.425 2.9 25.8 0.8 0.32 
Site 10 74 20 8.49 872 0.906 67.025 5.1 17.8 0.7 0.38 
Site 11 37 10 7.28 664 0.747 27.663 2.2 17.4 1.2 0.32 
Site 12 37 10 7.55 386 0.881 32.608 2.0 9.9 0.7 0.37 
Site 13 74 20 7.92 454 0.937 69.358 1.7 18.5 0.5 0.40 
Site 16 185 50 7.21 355 0.707 130.796 9.7 8.4 -0.5 0.30 
Site 18 111 30 6.97 379 0.663 73.647 10.8 4.1 -0.5 0.28 
Site 19 37 10 9.68 736 1.281 47.402 2.6 26.3 -0.9 0.54 

Site 20 37 10 7.77 442 0.824 30.524 5.5 3.0 -0.6 0.35 
Site 22 74 20 6.72 406 0.677 50.158 2.9 11.3 1.4 0.29 
Site 24 74 20 7.04 335 0.697 51.578 4.8 10.4 2.2 0.29 
Site 25 37 10 6.28 290 0.578 21.404 2.9 12.9 1.0 0.24 
Site 26 37 10 8.09 480 0.907 33.560 3.3 29.4 -1.6 0.38 
Site 27 37 10 7.54 358 0.806 29.815 2.3 24.6 1.0 0.34 
Site 29 37 10 6.23 202 0.490 18.150 1.2 12.4 -1.3 0.21 
Site 30 74 20 7.44 400 0.769 56.895 3.7 11.0 0.1 0.32 

Site 31 37 10 7.47 331 0.744 27.511 4.4 13.8 -1.8 0.31 
Site 32 74 20 8.39 576 1.057 78.220 2.3 16.9 -0.9 0.45 
Site 33 37 10 6.81 317 0.665 24.631 1.7 22.6 -0.7 0.28 
Site 35 111 30 7.32 446 0.799 88.715 1.0 11.5 -0.9 0.34 
Site 36 74 20 8.82 636 1.138 84.220 1.6 12.1 0.7 0.48 

Average 74 20 7.73 482 0.848 63.694 3.7 14.9 0.3 0.36 
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Table 9.7 Evaluation of the economics parameters for potential wind resource sites for utility-scale wind power applications  

Location 

Installed 

Capacity (MW) 

Net Annual  

AEP (GWh) 

Capital  

Costs $M 

O&M  

Costs $M 

Average Annual  

Return $M 

Payback  

Period (years) 

Cost of  

Energy 

Rakiraki 50 179 $ 170 $ 17.9 $ 53.8 3.2 $ 0.16 

Nabouwalu 50 187 $ 170 $ 18.8 $ 56.3 3.0 $ 0.16 

Yaqara 40 125 $ 136 $ 12.5 $ 37.6 3.6 $ 0.17 

Udu 30 72 $ 102 $ 7.3 $ 21.9 4.7 $ 0.19 

Vunisea 20 60 $ 68 $ 6.0 $ 18.0 3.8 $ 0.17 

Yasawa 10 42 $ 34 $ 4.3 $ 12.8 2.7 $ 0.15 

Koro Is 10 38 $ 34 $ 3.8 $ 11.5 3.0 $ 0.15 

Site 1 10 23 $ 34 $ 2.3 $ 7.0 4.9 $ 0.19 

Site 2 10 38 $ 34 $ 3.9 $ 11.7 2.9 $ 0.15 

Site 3 10 28 $ 34 $ 2.9 $ 8.6 4.0 $ 0.17 

Site 4 10 33 $ 34 $ 3.4 $ 10.1 3.4 $ 0.16 

Site 5 50 172 $ 170 $ 17.3 $ 51.8 3.3 $ 0.16 

Site 6 40 156 $ 136 $ 15.7 $ 47.0 2.9 $ 0.15 

Site 7 10 26 $ 34 $ 2.7 $ 8.0 4.3 $ 0.18 

Site 8 10 33 $ 34 $ 3.4 $ 10.2 3.3 $ 0.16 

Site 9 10 28 $ 34 $ 2.8 $ 8.5 4.0 $ 0.17 

Site 10 20 67 $ 68 $ 6.7 $ 20.1 3.4 $ 0.16 

Site 11 10 27 $ 34 $ 2.8 $ 8.3 4.1 $ 0.17 

Site 12 10 32 $ 34 $ 3.3 $ 9.8 3.5 $ 0.16 

Site 13 20 69 $ 68 $ 6.9 $ 20.8 3.3 $ 0.16 

Site 16 50 130 $ 170 $ 13.1 $ 39.2 4.3 $ 0.18 

Site 18 30 73 $ 102 $ 7.4 $ 22.1 4.6 $ 0.18 

Site 19 10 47 $ 34 $ 4.7 $ 14.2 2.4 $ 0.14 

Site 20 10 30 $ 34 $ 3.1 $ 9.2 3.7 $ 0.17 

Site 22 20 50 $ 68 $ 5.0 $ 15.0 4.5 $ 0.18 

Site 24 20 51 $ 68 $ 5.2 $ 15.5 4.4 $ 0.18 

Site 25 10 21 $ 34 $ 2.1 $ 6.4 5.3 $ 0.20 

Site 26 10 33 $ 34 $ 3.4 $ 10.1 3.4 $ 0.16 

Site 27 10 29 $ 34 $ 2.9 $ 8.9 3.8 $ 0.17 

Site 29 10 18 $ 34 $ 1.8 $ 5.4 6.2 $ 0.21 

Site 30 20 56 $ 68 $ 5.7 $ 17.1 4.0 $ 0.17 

Site 31 10 27 $ 34 $ 2.8 $ 8.3 4.1 $ 0.18 

Site 32 20 78 $ 68 $ 7.7 $ 23.5 2.9 $ 0.15 

Site 33 10 24 $ 34 $ 2.5 $ 7.4 4.6 $ 0.18 

Site 35 30 88 $ 102 $ 8.9 $ 26.6 3.8 $ 0.17 

Site 36 20 84 $ 68 $ 8.4 $ 25.3 2.7 $ 0.15 

Average 20 63 $ 68 $ 6.4 $ 19.1 3.8 $ 0.17 

Total 720 2113 $ 2,448 $ 229.3 $ 687.9   

 

 



 

9.4 Discussion 

The higher grid resolution of 1 km × 1 km offered better coupling results between a mesoscale 

and a microscale model in comparison with the coarser grid resolutions of 15 km × 15 km and 

5 km × 5 km. There is a significant improvement observed going from medium resolution to 

very high resolution in the order of 1.5 % - 17.7 % for the parameters evaluated. The coupling 

of the 1 km × 1 km grid resolution give better results in comparison with the studies reported 

in the literature (Byrkjedal and Berge, 2008; Mortensen et al., 2006; Gastion et al., 2008; 

Carvalho et al., 2013; Silva dos Santos, 2016; Tammelin et al., 2013; Badger et al., 2010; Bilal 

et al., 2016; Pablo et al., 2019) by 2 – 7 %, even though there are differences in the length of 

study period (this study uses 10 years), height of wind speed comparison (this study uses 10 

m), application methodology (this study uses direct coupling at the same height as in WRF), 

geographical location (this study is in the tropical South Pacific), number of study validation 

sites (this study uses 24 AWSs), grid resolution (this study uses 15 km × 15 km, 5 km × 5 km 

and 1 km × 1 km) and the mesoscale model (this study uses WRF) in some cases.  

The comparison of WRF (d03 = 1 km × 1 km results) with WAsP-WRF (using d03 = 1 km × 

1 km into WAsP) showed that there is improvement in the order of 0.2 – 6 % for the wind 

resource parameters. The WRF-WAsP coupling provides opportunities for further 

improvement should wind measurements be available at higher elevations, where the influence 

of the local topography and vegetation characteristics are lower.  

For the evaluation of the potential of wind energy, an important flow modelling parameter of 

the microscale model WAsP is the ruggedness index (RIX) and the orographic performance 

indicator (dRIX) (Mortensen et al., 2014). The average ruggedness index computed by the 

WAsP model is 15 %, which indicates that parts of the terrain are steeper with a gradient/slope 

of more than 0.3, and flow separation may occur in some sectors. Such a situation is generally 

outside the performance envelope of WAsP, so prediction errors may be expected (Mortensen 

et al., 2014). The accuracy of the prediction will depend on the relationship between the two 

sites (meteorological station and wind turbine site) which is denoted by the orographic 

performance indicator, dRIX. If the predictor (meteorological station) and predicted (wind 

turbine) sites are equally rugged, i.e. have approximately the same RIX value, the modelling 

error may be significant, but similar in magnitude. The overall prediction should still be 

accurate as the two errors would cancel each other out (Mortensen et al., 2014). Such a situation 

obviously occurs for the self-prediction at any category of site. However, it may also occur for 

two neighbouring sites in rugged terrain which have similar orography and orientation. This 
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represents an important application involving the prediction of the wind speeds and power 

production at adjacent sites along a steep ridge in a wind farm (Mortensen et al., 2014). The 

average dRIX is 0.36 % which is low, with dRIX values less than 2.18 %. The overall wind 

speed error corresponding to dRIX of 0.36 % is approximately less than 0.25 % and the wind 

speed error corresponding to dRIX of 2.18 % is approximately less than 2 % (Mortensen et al., 

2014). Looking at the orographic performance indicator, dRIX and the associated wind speed 

errors, the WAsP modelling results are therefore accurate and within acceptable limits 

(Mortensen et al., 2014). 

The potential installed capacity of 720 MW of wind farms would produce around 2114 GWh 

per year of electricity, which is almost double the current annual electricity generation of 1060 

GWh (EFL, 2019). Taking into account the annual increase in the electricity consumption, even 

if an installation of a quarter of the possible installed capacity is achieved, Fiji would be able 

to support 100 % electricity generation with fossil fuel-based power replaced by wind power 

plants. The twenty five percent of 720 MW is 180 MW and from the wind resource evaluation, 

170 MW of installed capacity can be achieved from the 4 sites of Rakiraki (50 MW), 

Nabouwalu (50 MW), Yaqara (40 MW) and Udu (30 MW) with all the sites contributing a total 

of 565 GWh. More than 50 % of the current annual electricity generation can be provided by 

wind energy from the 4 mentioned sites. It would cost approximately FJD $578 million with 

an annual average return of FJD $169 million, payback time of 4 years and cost of energy 

generation of FJD $0.17. Ground-based wind data measurements which are available at the 4 

sites mentioned also show potential for utility-scale wind power applications. Three of these 

sites were previously identified by a study of the wind resource assessment carried out using 

measured wind data in WAsP (Dayal et al., 2021a). Since the peak load requirements vary for 

each island, other sites identified can also be used. 

There is a number of other possible scenarios for utilizing the wind resources at the identified 

potential wind resource sites. Energy Fiji Limited (EFL), which is the local utility operator can 

re-locate each of the 36 poorly operating wind turbines from the Butoni wind farm to the 36 

identified potential wind resource sites for a year in an attempt to carry out a feasibility study 

in terms of energy production and confirmation of the potential wind resource. Each of the 

wind turbines has an anemometer and a wind vane located on top of the wind turbines that can 

be used for monitoring the wind speed and the wind direction at the potential wind resource 

site at a height of 55 m. The wind turbine performance can be evaluated in terms of annual 

energy production, wind power density, full load hours, capacity factor and availability. This 
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will provide all the necessary ground-based information required for further energy planning 

and development. 

Moreover, EFL could partner with the private sector or call for tenders from potential investors 

(local and foreign) to invest into wind farms to provide (sell) electricity to the national 

electricity grid network following the performance evaluation of the individual wind turbines 

from the earlier mentioned feasibility studies. Fiji has one of the highest feed-in-tariff rate of 

FJD $0.30/kWh (approximately USD $0.14/kWh using average conversion rate of FJD $1 = 

USD $0.477845 over a 5-year period) of electricity supplied to the national electricity grid 

from Independent Power Producers (IPPs) using renewable energy-based power generation 

(Fiji Commerce Commission, 2021). This will allow greater involvement of the private sector 

and potential investors via public private partnerships to increase the investment into the wind 

energy sector. The tenders can start with 10 – 20 MW wind farms on the 2 main islands at each 

of the identified potential wind resource sites and later extend to the smaller outer islands.  

Furthermore, EFL made an annual profit of more than FJD $60 million/annum (EFL, 2019) for 

the last 4 years and spent approximately FJD $130 million/annum on fuel. Projecting these into 

the future, it can diversify approximately FJD $68 million/year and invest into developing at 

least 20 MW wind farms/annum at the identified potential wind resource sites. This will not 

only assist them in achieving the set target of producing 100 % electricity generation from 

renewable energy resources in a decade but also reduce the dependence on fossil-fuel based 

power plants gradually.  

If the above-mentioned recommendations are taken into account by EFL and supported by the 

Fijian government and the private sector, Fiji can easily achieve its target of producing 100 % 

electricity generation from renewable energy resource by 2030. 

If the recommended feasibility studies are not possible before starting the actual development 

of the proposed wind farms it is recommended to set up monitoring masts at 10 – 50 m height 

at the identified potential wind resource sites and record wind data for at least one year to 

confirm the potential of the wind resource. Since it was previously found that the wind speed 

variability is low (< 1 m/s) for Fiji (Dayal et al., 2021b), one-year mast-based measurements 

should be sufficient to make a conclusive decision on the quality of the wind resource for 

utility-scale applications in this case backed up with the data from the 10 years of modelling 

results. This measured data can also be compared against the 10 – 50 m model-based wind data 

and the methodology of Measure-Correlate-Predict (MCP) (Dayal, 2015; Nielsen et al., 2010) 
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can be used to extrapolate the measured data to 10 years to develop a decade long wind 

climatology for utility-scale wind power applications. 

It is suggested that the method used in this study may be improved by:  

• The use of higher resolution terrain (< 90 m × 90 m) and land roughness (< 300 m × 

300 m) data maps for micro-siting. 

• Running the WRF model with a medium resolution (0.5˚ × 0.5˚ or 0.25˚ × 0.25˚) general 

circulation model data in comparison with the low-resolution data of 1 deg. × 1 deg. 

used in this study. 

• The use of wind speed measurements at 50 metre elevation in the analysis with 50 metre 

elevation wind data from the modelling exercise. 

If modelling is done incorporating the suggestions listed above, this may further improve the 

results as higher resolution input data will provide a more accurate representation of the 

ground-based parameters considered in this study. This could also reduce the error in modelling 

and coupling.   

9.5 Conclusions 

This chapter presents an analysis and comparison of the proposed WRF-WAsP coupling 

methodology and evaluates the improvement in the accuracy of the wind predictions for the 

SIDS of Fiji in the tropical South Pacific. It also evaluates the potential of wind energy that can 

be harnessed for utility-scale wind power applications at the identified wind resource sites 

using the decade-long, high-resolution (1 km × 1 km) wind data coupled to the industry 

standard wind resource assessment model, WAsP. 

The results revealed that the proposed WRF-WAsP coupling methodology can be used as a 

standard wind resource assessment methodology provided very-high resolution dynamically 

downscaled wind resource data is available in the order of 10 years for utility-scale wind power 

applications. The analysis also revealed that the 1 km × 1 km WRF model data from d03 is best 

for coupling WRF-WAsP for resource mapping and evaluation. The coupling methodology of 

WRF-WAsP improved the accuracy of the wind prediction by 0.2 – 6 % for the wind resource 

parameters for Fiji.  

From the results obtained, it is concluded that Fiji has a potential installed capacity of 720 MW 

with 2114 GWh electricity generation capacity from wind energy. Even if a quarter of the 

potential installed capacity is installed over a decade at the identified potential wind resource 
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sites, Fiji can achieve its target of generating 100 % electricity generation from renewable 

energy resources. A number of recommendations are made to provide different pathways and 

scenarios for the utility operators and the government to aid future wind energy planning and 

development. This is not only possible for the major islands whereby a central grid network is 

present but also for the outer islands via setting up isolated grid networks with hybrid-power 

systems of wind, solar and hydro. 

As the first mesoscale-microscale coupling exercise for the SIDS of Fiji for the recent decade 

(2009 – 2018), our study supports the idea that the SIDS in the Pacific can utilize their wind 

resource to ease dependence on diesel-based power generation and can even support 100 % 

electricity generation in the case of Fiji from renewable energy sources. It provides a 

methodology for mesoscale-microscale coupled wind resource assessment for the SIDS in the 

Southwest Pacific with an evaluation of the potential wind resource and economic analysis for 

future wind energy planning and development in Fiji. 
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Chapter 10 Conclusions and Future Work 

10.1 Conclusions 

For the microscale wind-resource assessment using WAsP at thirty AWS locations, the results 

in Chapter 4 revealed three potential sites of Rakiraki, Nabouwalu and Udu with utility-scale 

wind resource (NREL Wind Power Class 3 and above). Each of the sites can accommodate a 

minimum installed capacity of 10 MW wind farm using Vergnet 275 kW wind turbines to 

support the national electricity grid network in Fiji. This part of the research supports the idea 

that the SIDS in the Pacific can utilize the wind resource to ease its dependence on diesel-based 

power generation using small-medium sized wind turbines. 

For the Butoni wind farm analysis in Chapter 5, the results revealed that the main reason for 

the under-performance of the wind farm is that it is commissioned on a weak wind speed regime 

(of NREL Wind Power Class 1). The wind farm has a low-capacity factor (~ 5.4 %) and a high 

wind shear coefficient (0.35), which are also contributing factors to the wind farm 

underperformance. An approximate economic analysis revealed that the payback time for the 

Butoni wind farm is 24.5 years which is more than the standard lifetime (of 20 years) for wind 

turbines and the cost of energy generation is FJD $0.55/kWh which is more costly even in 

comparison with diesel-based power generation of FJD $0.39/kWh. This part of the research 

supports the idea that proper wind farm project planning via wind resource and economic 

viability assessments prior to the installation of a grid-connected wind farm project in the 

SIDSs of the Pacific are required. 

The results presented in Chapter 6 showed that the WRF model, implemented with a grid 

resolution of 1.33 km × 1.33 km, is able to accurately capture the surface winds and the diurnal 

cycle of wind speed on the windward sides of Viti Levu and Vanua Levu. Surface winds on 

the leeward side and the outer islands, show positive bias especially at nighttime for January 

and both the day and nighttime for July, despite adjusting some of the physics settings, showing 

the limitations of the model and the need for a grid sensitivity study.  

For the grid sensitivity study in Chapter 7, the results revealed that the optimal grid resolution 

for simulating the surface winds and its diurnal cycle for Fiji is d03 = 1 km × 1 km. The WRF 

model is able to capture the surface winds and its diurnal cycle more accurately for the higher 

grid resolution of 1 km × 1 km in comparison with simulations conducted using a grid 

resolution of 1.33 km × 1.33 km. This indicates that the topography is better resolved in the 

higher grid resolution. Therefore, the grid resolution of 1 km × 1 km in the grid set up of 15 
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km – 5 km – 1 km (d01 – d02 – d03) is recommended to be used for the long-term integration 

of the mesoscale wind resource assessment of Fiji and can also be applied to the other SIDS of 

the southwest Pacific region.  

For the recent decade (2009 - 2018) mesoscale wind-resource assessment using the 

recommended grid resolution and grid set-up in the WRF model, the results in Chapter 8 

revealed that the WRF model simulated wind-resource parameters are in good agreement with 

the observations. The model can be reliably used to simulate the wind flow around the Fijian 

Islands in order to get reliable information on the wind-resource. Higher wind speeds are 

observed during austral winter than during austral summer. Forty high wind-resource areas are 

identified with mean wind speed and power density greater than 6.4 m/s and 300 W/m2 (Wind 

Power Class 3), which were previously unknown. An estimated 1000 MW theoretical potential 

installed capacity is available for utility-scale wind power applications on Viti Levu and Vanua 

Levu.  

As the first mesoscale wind resource modelling exercise for the SIDS of Fiji for the recent 

decade (2009 – 2018), our study supports the idea that the SIDS in the Pacific can utilize the 

wind-resource to ease its dependence on diesel-based power generation. It provides a 

methodology for mesoscale wind-resource assessment for the SIDS in the Southwest Pacific 

together with the identification and verification of potential wind resource sites, that can be 

further investigated by coupling with a microscale wind flow model for utility-scale wind 

power applications using the 10 years of long-term model results. It can assist the SIDS of Fiji 

in future wind energy planning and development.  

In Chapter 9, a mesoscale-microscale (WRF-WAsP) coupling methodology was proposed and 

assessed. It was found that the proposed methodology can be used as a wind-resource 

assessment methodology provided very-high resolution dynamically downscaled wind 

resource data is available in the order of 10 years for utility-scale wind power applications. The 

analysis also revealed that the 1 km × 1 km WRF model data from d03 is best for coupling 

WRF-WAsP for resource mapping and evaluation. The coupling methodology of WRF-WAsP 

improved the accuracy of the wind prediction by 0.2 – 6 % for the wind resource parameters 

for Fiji.  

Using the WRF-WAsP coupling methodology with the decade-long high-resolution (1 km × 1 

km) wind resource data at resource sites in WAsP, it was estimated that Fiji has a potential 

installed capacity of 720 MW with 2114 GWh electricity generation capacity from wind 
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energy. Even if a quarter of the potential installed capacity is installed over a decade at the 

identified potential wind resource sites, Fiji can achieve its target of generating 100 % 

electricity generation from renewable energy resources.  

As the first mesoscale-microscale coupling exercise for the SIDS of Fiji for the recent decade 

(2009 – 2018), this part of the study also supports the idea that the SIDS in the Pacific can 

utilize their wind resource to ease dependence on diesel-based power generation and can even 

support 100 % electricity generation in the case of Fiji from renewable energy sources. It 

provides a methodology for mesoscale-microscale coupled wind-resource assessment for the 

SIDS in the Southwest Pacific with an evaluation of the potential wind resource and economic 

analysis for future wind energy planning and development in Fiji.  

The mesoscale and the mesoscale-microscale coupled wind resource assessment 

methodologies can be extended to other SIDS in the Southwest Pacific using a similar approach 

to assess the potential of wind energy to support utility-scale electrical power generation.  

10.2 Future Work 

The following recommendations are made for further research. 

For the mesoscale wind-resource modelling and validation, it is recommended to: 

▪ carry out a sensitivity study of the different physics parameterization schemes to 

simulate surface winds for Fiji. 

▪ set up wind monitoring masts at 50 m elevation at wind resource sites and record wind 

data for at least a year and evaluate the model simulated wind speeds at the same height. 

▪ add a new nested domain d04 at any one of the wind resource sites and evaluate the 

wind resource at an even higher grid resolution in the order of 50 – 100 m with a spatial 

area of 10 km × 10 km and compare results against the microscale model WAsP for the 

same site with the same domain size and grid resolution. 

▪ use the WRF model to study and evaluate the dynamics of the extreme wind events that 

occurred in Fiji. 

▪ use the WRF model to study the physics and the dynamics of other naturally occurring 

atmospheric phenomenon (like cyclones, sea-breeze, cold-fronts, cold pools etc) in the 

tropical Southwest Pacific. 

For the mesoscale-microscale coupling, it is recommended to evaluate the coupling using the 

following proposed methodologies: 
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▪ Extract WRF wind data from the top of the boundary layer at 1000 m AGL, where it is 

assumed that there is no influence by the local terrain on the geostrophic winds and 

work downwards using the WAsP model. 

▪ Extract medium to high-resolution topography and land roughness maps from the three 

domains in WRF in a format that can be read by WAsP. Remove the terrain influences 

induced by the mesoscale model medium to high resolution terrain data from the WRF 

simulated wind data and apply even higher-resolution topography and roughness maps 

in WAsP to evaluate the wind predictions. 

▪ Evaluate the use of a statistical dynamical downscaling method for the WRF-WAsP 

coupling as used in other wind atlas studies reported in the literature. 

▪ Use AI as one of the statistical dynamical downscaling tools. 
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Appendix A Supplementary Data Plots of 

Chapter 4 

Figures A.1 – A.30 present the supplementary data plots mentioned in the Chapter 4.4.1. 

 

Figure A.1 Wind rose and wind speed frequency distribution at Keiyasi at 10 m AGL. 

 

Figure A.2 Wind rose and wind speed frequency distribution at Koro Island at 10 m 

AGL. 

 

Figure A.3 Wind rose and wind speed frequency distribution at Korolevu at 10 m AGL. 
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Figure A.4 Wind rose and wind speed frequency distribution at Labasa at 10 m AGL. 

 

Figure A.5 Wind rose and wind speed frequency distribution at Lakeba at 10 m AGL. 

 

Figure A.6 Wind rose and wind speed frequency distribution at Levuka at 10 m AGL. 
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Figure A.7 Wind rose and wind speed frequency distribution at Lomaivuna at 10 m 

AGL. 

 

Figure A.8 Wind rose and wind speed frequency distribution at Matuku at 10 m AGL. 

 

Figure A.9 Wind rose and wind speed frequency distribution at Momi at 10 m AGL. 
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Figure 

A.10 Wind rose and wind speed frequency distribution at Nabouwalu at 5 m AGL. 

 

Figure A.11 Wind rose and wind speed frequency distribution at Nadarivatu at 10 m 

AGL. 

 

Figure A.12 Wind rose and wind speed frequency distribution at Nadi at 10 m AGL. 
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Figure A.13 Wind rose and wind speed frequency distribution at Nausori at 10 m AGL. 

 

Figure A.14 Wind rose and wind speed frequency distribution at Ono-I-Lau at 10 m 

AGL. 

 

Figure A.15 Wind rose and wind speed frequency distribution at Rakiraki at 10 m 

AGL. 
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Figure A.16 Wind rose and wind speed frequency distribution at Rarawai at 10 m AGL. 

 

Figure A.17 Wind rose and wind speed frequency distribution at RKS Lovoni at 10 m 

AGL. 

 

Figure A.18 Wind rose and wind speed frequency distribution at Rotuma Lovoni at 10 

m AGL. 
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Figure A.19 Wind rose and wind speed frequency distribution at Saqani at 10 m AGL. 

 

Figure A.20 Wind rose and wind speed frequency distribution at Seaqaqa at 10 m AGL. 

 

Figure A.21 Wind rose and wind speed frequency distribution at Sigatoka at 10 m AGL. 
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Figure A.22 Wind rose and wind speed frequency distribution at Suva at 10 m AGL. 

 

Figure A.23 Wind rose and wind speed frequency distribution at Tokotoko at 10 m 

AGL. 

 

Figure A.24 Wind rose and wind speed frequency distribution at Udu at 10 m AGL. 
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Figure A.25 Wind rose and wind speed frequency distribution at Vanuabalavu at 10 m 

AGL. 

 

Figure A.26 Wind rose and wind speed frequency distribution at Viwa at 10 m AGL. 

 

Figure A.27 Wind rose and wind speed frequency distribution at Vunisea at 10 m AGL. 
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Figure A.28 Wind rose and wind speed frequency distribution at Wainikoro at 10 m 

AGL. 

 

Figure A.29 Wind rose and wind speed frequency distribution at Yaqara at 10 m AGL. 

 

Figure A.30 Wind rose and wind speed frequency distribution at Yasawa-I-Rara at 10 

m AGL. 
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Appendix B  WRF Options 

Table B.1 presents the namelist.input file of the WRF model configuration options used for the 

10 year model simulations. 

Table A.1 Namelist.input file specifying configuration options 

&domains 

 time_step                          = 90, 

 time_step_fract_num        = 0, 

 time_step_fract_den         = 1, 

 max_dom                          = 3, 

 e_we                                = 100,   151,   401, 

 e_sn                                 = 100,   151,   401, 

 e_vert                               = 30,       30,     30, 

 p_top_requested                = 5000, 

 num_metgrid_levels         = 27, 

 num_metgrid_soil_levels = 4, 
 dx                                   = 15000, 5000,  1000, 

 dy                                   = 15000, 5000,  1000, 

 grid_id                              = 1,               2,        3, 

 parent_id                           = 1,               1,        2, 

 i_parent_start                    = 1,             30,      33, 

 j_parent_start                     = 1,             30,      33, 

 parent_grid_ratio              = 1,               3,        5, 

 parent_time_step_ratio     = 1,               3,        5, 

 feedback                            = 1, 

 smooth_option                  = 0 

 eta_levels                          = 1.0, 0.9983, 0.99725, 
0.9960, 0.9950, 0.9935, 0.9920, 0.9900, 0.9750, 

0.9500, 0.9250, 0.9000, 0.8500, 0.8000, 0.7500, 

0.7000, 0.6500, 0.6000, 0.5500, 0.5000, 0.4500, 

0.4000, 0.3500, 0.3000, 0.2500, 0.2000, 0.1500, 

0.1000, 0.0500, 0.0 

/  

 &physics 

 mp_physics                       = 6,             6,      6, 

 cu_physics                        = 16,         16,      0, 

 ra_lw_physics                   = 4,             4,      4, 

 ra_sw_physics                   = 4,             4,      4, 
 bl_pbl_physics                  = 1,             1,      1, 

 sf_sfclay_physics              = 91,         91,    91, 

 sf_surface_physics            = 2,            2,       2, 

 radt                                 = 20,        20,     20, 

 bldt                                 = 0,            0,       0, 

 cudt                                 = 5,            5,       5,     

 

 

 icloud                               = 1, 

 num_soil_layers                = 4, 

 num_land_cat                   = 21, 

maxiens                              = 1, 

 maxens                              = 3, 

 maxens2                            = 3, 

 maxens3                            = 16, 

 ensdim                               = 144, 

 sst_update                         = 1,  

/ 

  
&dynamics 

 w_damping                       = 0, 

 diff_opt                             = 1,               1,        1, 

 km_opt                              = 4,               4,        4, 

 diff_6th_opt                      = 0,               0,        0, 

 diff_6th_factor                  = 0.12,      0.12,   0.12,    

 base_temp                         = 290. 

 damp_opt                          = 0, 

 zdamp                               = 5000.,  5000.,  5000., 

 dampcoef                         = 0.2,          0.2,      0.2, 

 khdif                                = 0,                0,         0, 
 kvdif                                = 0,                0,         0, 

 non_hydrostatic                = .true.,    .true.,  .true., 

 moist_adv_opt                 = 1,                1,        1,      

 scalar_adv_opt                 = 1,                1,        1,      

 gwd_opt                            = 1, 

 / 

 &bdy_control 

 spec_bdy_width                = 5, 

 spec_zone                        = 1, 

 relax_zone                        = 4, 

 specified                            = .true.,   .false.,  .false., 
 nested                               = .false.,   .true.,   .true., 

 / 

 &grib2 

 / 

 &namelist_quilt 

 nio_tasks_per_group  = 0, 

 nio_groups   = 1,  

/ 
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Appendix C  Maps 

Figures C.1 – C.3 presents the decade-long-mean 34 m, 80 m and 100 m elevation wind speed 

maps of Fiji at a grid resolution of 1 km × 1 km. 

 

Figure C.1 Decade-long-mean 34-metre-elevation wind speed map of Fiji at a grid 

resolution of 1 km × 1 km. 
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Figure C.2 Decade-long-mean 80-metre-elevation wind speed map of Fiji at a grid 

resolution of 1 km × 1 km. 
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Figure C.3 Decade-long-mean 100-metre-elevation wind speed map of Fiji at a grid 

resolution of 1 km × 1 km. 
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Figures C.4 – C.6 presents the decade-long-mean 34 m, 80 m and 100 m elevation wind power 

density maps of Fiji at a grid resolution of 1 km × 1 km. 

 

Figure C.4 Decade-long-mean 34-metre-elevation wind power density map of Fiji at a 

grid resolution of 1 km × 1 km. 
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Figure C.5 Decade-long-mean 80-metre-elevation wind power density map of Fiji at a 

grid resolution of 1 km × 1 km. 
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Figure C.6 Decade-long-mean 100-metre-elevation wind power density map of Fiji at a 

grid resolution of 1 km × 1 km. 
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Appendix D Supplementary Data Plots of 

Chapter 9 

Figures D.1 (a) – D.36 (c) present the supplementary data plots mentioned in the Chapter 9.3.2. 

 

Figure D.1 (a) Mean wind speed map of Site 1 at 55 m AGL. 

 

Figure D.1 (b) Mean wind power density map of Site 1 at 55 m AGL. 
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Figure D.1 (c) Mean Annual Energy Production map of Site 1 at 55 m AGL. 

 

Figure D.2 (a) Mean wind speed map of Site 2 at 55 m AGL. 
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Figure D.2 (b) Mean wind power density map of Site 2 at 55 m AGL. 

 

Figure D.2 (c) Mean Annual Energy Production map of Site 2 at 55 m AGL. 
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Figure D.3 (a) Mean wind speed map of Site 3 at 55 m AGL. 

 

Figure D.3 (b) Mean wind power density map of Site 3 at 55 m AGL. 
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Figure D.3 (c) Mean Annual Energy Production map of Site 3 at 55 m AGL. 

 

Figure D.4 (a) Mean wind speed map of Site 4 at 55 m AGL. 
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Figure D.4 (b) Mean wind power density map of Site 4 at 55 m AGL. 

 

Figure D.4 (c) Mean Annual Energy Production map of Site 4 at 55 m AGL. 
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Figure D.5 (a) Mean wind speed map of Site 5 at 55 m AGL. 

 

Figure D.5 (b) Mean wind power density map of Site 5 at 55 m AGL. 
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Figure D.5 (c) Mean Annual Energy Production map of Site 5 at 55 m AGL. 

 

Figure D.6 (a) Mean wind speed map of Site 6 at 55 m AGL. 
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Figure D.6 (b) Mean wind power density map of Site 6 at 55 m AGL. 

 

Figure D.6 (c) Mean Annual Energy Production map of Site 6 at 55 m AGL. 
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Figure D.7 (a) Mean wind speed map of Site 7 at 55 m AGL. 

 

Figure D.7 (b) Mean wind power density map of Site 7 at 55 m AGL. 
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Figure D.7 (c) Mean Annual Energy Production map of Site 7 at 55 m AGL. 

 

Figure D.8 (a) Mean wind speed map of Site 8 at 55 m AGL. 
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Figure D.8 (b) Mean wind power density map of Site 8 at 55 m AGL. 

 

Figure D.8 (c) Mean Annual Energy Production map of Site 8 at 55 m AGL. 
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Figure D.9 (a) Mean wind speed map of Site 9 at 55 m AGL. 

 

Figure D.9 (b) Mean wind power density map of Site 9 at 55 m AGL. 
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Figure D.9 (c) Mean Annual Energy Production map of Site 9 at 55 m AGL. 

 

Figure D.10 (a) Mean wind speed map of Site 10 at 55 m AGL. 
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Figure D.10 (b) Mean wind power density map of Site 10 at 55 m AGL. 

 

Figure D.10 (c) Mean Annual Energy Production map of Site 10 at 55 m AGL. 
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Figure D.11 (a) Mean wind speed map of Site 11 at 55 m AGL. 

 

Figure D.11 (b) Mean wind power density map of Site 11 at 55 m AGL. 
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Figure D.11 (c) Mean Annual Energy Production map of Site 11 at 55 m AGL. 

 

Figure D.12 (a) Mean wind speed map of Site 12 at 55 m AGL. 
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Figure D.12 (b) Mean wind power density map of Site 12 at 55 m AGL. 

 

Figure D.12 (c) Mean Annual Energy Production map of Site 12 at 55 m AGL. 
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Figure D.13 (a) Mean wind speed map of Site 13 at 55 m AGL. 

 

Figure D.13 (b) Mean wind power density map of Site 13 at 55 m AGL. 



266 

 

 

Figure D.13 (c) Mean Annual Energy Production map of Site 13 at 55 m AGL. 

 

Figure D.14 (a) Mean wind speed map of Site 16 at 55 m AGL. 
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Figure D.14 (b) Mean wind power density map of Site 16 at 55 m AGL. 

 

Figure D.14 (c) Mean Annual Energy Production map of Site 16 at 55 m AGL. 
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Figure D.15 (a) Mean wind speed map of Site 18 at 55 m AGL. 

 

Figure D.15 (b) Mean wind power density map of Site 18 at 55 m AGL. 
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Figure D.15 (c) Mean Annual Energy Production map of Site 18 at 55 m AGL. 

 

Figure D.16 (a) Mean wind speed map of Site 19 at 55 m AGL. 
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Figure D.16 (b) Mean wind power density map of Site 19 at 55 m AGL. 

 

Figure D.16 (c) Mean Annual Energy Production map of Site 19 at 55 m AGL. 



271 

 

 

Figure D.17 (a) Mean wind speed map of Site 20 at 55 m AGL. 

 

Figure D.17 (b) Mean wind power density map of Site 20 at 55 m AGL. 
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Figure D.17 (c) Mean Annual Energy Production map of Site 20 at 55 m AGL. 

 

Figure D.18 (a) Mean wind speed map of Site 22 at 55 m AGL. 
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Figure D.18 (b) Mean wind power density map of Site 22 at 55 m AGL. 

 

Figure D.18 (c) Mean Annual Energy Production map of Site 22 at 55 m AGL. 
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Figure D.19 (a) Mean wind speed map of Site 24 at 55 m AGL. 

 

Figure D.19 (b) Mean wind power density map of Site 24 at 55 m AGL. 
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Figure D.19 (c) Mean Annual Energy Production map of Site 24 at 55 m AGL. 

 

Figure D.20 (a) Mean wind speed map of Site 25 at 55 m AGL. 
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Figure D.20 (b) Mean wind power density map of Site 25 at 55 m AGL. 

 

Figure D.20 (c) Mean Annual Energy Production map of Site 25 at 55 m AGL. 
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Figure D.21 (a) Mean wind speed map of Site 26 at 55 m AGL. 

 

Figure D.21 (b) Mean wind power density map of Site 26 at 55 m AGL. 
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Figure D.21 (c) Mean Annual Energy Production map of Site 26 at 55 m AGL. 

 

Figure D.22 (a) Mean wind speed map of Site 27 at 55 m AGL. 
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Figure D.22 (b) Mean wind power density map of Site 27 at 55 m AGL. 

 

Figure D.22 (c) Mean Annual Energy Production map of Site 27 at 55 m AGL. 
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Figure D.23 (a) Mean wind speed map of Site 29 at 55 m AGL. 

 

Figure D.23 (b) Mean wind power density map of Site 29 at 55 m AGL. 
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Figure D.23 (c) Mean Annual Energy Production map of Site 29 at 55 m AGL. 

 

Figure D.24 (a) Mean wind speed map of Site 30 at 55 m AGL. 
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Figure D.24 (b) Mean wind power density map of Site 30 at 55 m AGL. 

 

Figure D.24 (c) Mean Annual Energy Production map of Site 30 at 55 m AGL. 
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Figure D.25 (a) Mean wind speed map of Site 31 at 55 m AGL. 

 

Figure D.25 (b) Mean wind power density map of Site 31 at 55 m AGL. 
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Figure D.25 (c) Mean Annual Energy Production map of Site 31 at 55 m AGL. 

 

Figure D.26 (a) Mean wind speed map of Site 32 at 55 m AGL. 
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Figure D.26 (b) Mean wind power density map of Site 32 at 55 m AGL. 

 

Figure D.26 (c) Mean Annual Energy Production map of Site 32 at 55 m AGL. 
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Figure D.27 (a) Mean wind speed map of Site 33 at 55 m AGL. 

 

Figure D.27 (b) Mean wind power density map of Site 33 at 55 m AGL. 
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Figure D.27 (c) Mean Annual Energy Production map of Site 33 at 55 m AGL. 

 

Figure D.28 (a) Mean wind speed map of Site 35 at 55 m AGL. 
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Figure D.28 (b) Mean wind power density map of Site 35 at 55 m AGL. 

 

Figure D.28 (c) Mean Annual Energy Production map of Site 35 at 55 m AGL. 
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Figure D.29 (a) Mean wind speed map of Site 36 at 55 m AGL. 

 

Figure D.29 (b) Mean wind power density map of Site 36 at 55 m AGL. 
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Figure D.29 (c) Mean Annual Energy Production map of Site 36 at 55 m AGL. 

 

Figure D.29 (a) Mean wind speed map of Rakiraki at 55 m AGL. 
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Figure D.29 (b) Mean wind power density map of Rakiraki at 55 m AGL. 

 

Figure D.29 (c) Mean Annual Energy Production map of Rakiraki at 55 m AGL. 
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Figure D.30 (a) Mean wind speed map of Nabouwalu at 55 m AGL. 

 

Figure D.30 (b) Mean wind power density map of Nabouwalu at 55 m AGL. 
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Figure D.30 (c) Mean Annual Energy Production map of Nabouwalu at 55 m AGL. 

 

Figure D.31 (a) Mean wind speed map of Yaqara at 55 m AGL. 
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Figure D.31 (b) Mean wind power density map of Yaqara at 55 m AGL. 

 

Figure D.31 (c) Mean Annual Energy Production map of Yaqara at 55 m AGL. 
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Figure D.32 (a) Mean wind speed map of Udu at 55 m AGL. 

 

Figure D.32 (b) Mean wind power density map of Udu at 55 m AGL. 
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Figure D.32 (c) Mean Annual Energy Production map of Udu at 55 m AGL. 

 

Figure D.33 (a) Mean wind speed map of Vunisea at 55 m AGL. 
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Figure D.33 (b) Mean wind power density map of Vunisea at 55 m AGL. 

 

Figure D.34 (c) Mean Annual Energy Production map of Vunisea at 55 m AGL. 
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Figure D.35 (a) Mean wind speed map of Yasawa at 55 m AGL. 

 

Figure D.35 (b) Mean wind power density map of Yasawa at 55 m AGL. 
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Figure D.35 (c) Mean Annual Energy Production map of Yasawa at 55 m AGL. 

 

Figure D.36 (a) Mean wind speed map of Koro Island at 55 m AGL. 
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Figure D.36 (b) Mean wind power density map of Koro Island at 55 m AGL. 

 

Figure D.36 (c) Mean Annual Energy Production map of Koro Island at 55 m AGL. 

 




