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Abstract 
Small Island Developing States (SIDS) are vulnerable to climate change and development pressure due to 
their small size, isolation, limited resources, susceptibility to natural hazards, excessive dependence on 
international trade and fragile natural environments. The population and infrastructure of pacific SIDS are 
concentrated within coastal areas and have limited access to the resources necessary to develop resilience 
to the potential rising incidence of natural disasters such as cyclones, tsunamis and earthquakes. The aim of 
this paper is to inform the development of resilience to natural hazards through an assessment of the wave 
climate and do a first assessment of flooding under extreme wave events in two key places, Mele Bay and 
Erakor Lagoon on Efate Island, Vanuatu. This approach to wave climate assessment highlights the possibilities 
for improving the knowledge base for developing resilience to natural hazards despite the data availability 
constraints typical of SIDS. Typical approaches would make use of wave buoys however as this is not available 
use has been made of a regional wave hindcast models. The gridded wave model WAVEWATCH III (WW3) 
is used in this paper to understand the wave climate in Vanuatu using data from 1979 to 2018. The last forty 
years of the dataset is analysed and decadal and seasonal trends are given for the significant wave height, 
the period, the direction and the wave energy.  The extreme wave events are defined using the Peaks-Over-
Threshold Method. Wave return periods are calculated with three different distributions (Weibull, Gumbel and 
Log-Normal models). The distribution models are compared in terms of inundation. The variation of wave 
climate is then discussed as well as the impacts to the shoreline. 
 
Potential relationship between climate variability such as El Niño/La Niña events and the wave climate 
variations is also investigated for future scenarios of impact assessment. This paper is an important 
contribution to a first pass coastal hazard assessment for Mele Bay and Erakor island which is important for 
coastal planning and to build resilience to extreme events and to future climate change scenarios. 
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1. Introduction 
Small Island Developing States (SIDS) are a group 
of small island countries with similar contexts that 
create particular challenges for sustainable 
development. SIDS can be categorised based on 
three geographic regions: the Caribbean, the Pacific 
and Africa, Indian Ocean, Mediterranean and South 
China Sea (AIMS). Projected climate change 
impacts create significant challenges for SIDS 
particularly the impacts on coastal hazards 
inundation and erosion [7].  
As waves are the most common source of energy 
along most of the coastal zones [13], understanding 
their characteristics and trend for the future climate 
is fundamental to mitigate coastal hazards. Wave 
climate is described by wave characteristics; 
significant wave height (Hs), wave direction (dir) 
and wave period (Tp). Wave energy is the most 
critical parameter governing coastal hazards and it 
is influenced by critical factors such as depth, reef 
width, roughness and wave breaking. Wave energy 
can be estimated based on knowledge of wave 
height, direction and period. 
Sea level rise is predicted under future climate 
scenarios however it is unclear what will be the 
trend for wave characteristics. Wave climate is 

influenced by patterns of global circulation 
particularly storm and wind. Climate Change 
impacts on wave climate are so far highly uncertain, 
with adaptation planning focused on incorporating 
sea level rise and wave characteristics are assumed 
to be stationary. 
The majority of studies of coastal oceanography use 
locally deployed wave buoys or pressure gauges to 
measure wave climate. While these instruments 
provide useful data sources there are very few 
instances where they have been deployed for a 
significant period to provide the data necessary to 
analyse trends in wave climate resulting in common 
assumptions of wave climate stationarity. This paper 
presents an approach using data generated from a 
wave model in hindcast mode to enable climate 
change adaptation planning for SIDS to move 
beyond assumptions of wave climate stationarity.  
 
2. Method 
This research reports on a case study of the 
assessment of trends within wave climate and their 
implications for coastal inundation at Port Vila on 
Efate Island. Port Vila is located in the south-west of 
Efate Island in Vanuatu archipelago and it is the 
capital city of Vanuatu. Port Vila’s rapidly growing 
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population, limited infrastructure exposure to 
coastal hazards and significance of tourism as a 
source of foreign income are all representative of 
many settlements within Pacific SIDS. Vanuatu 
Islands only have two seasons, dry season from 
May to October and a wet season from November 
to April where tropical cyclones generally occur [4]. 
Regarding wave data there is no recorded wave 
climate data available for Port Vila.  
The data source for assessment of Port Vila’s Wave 
Climate is WAVEWATCH III (WW3) model of 
Tolman [14]. WW3 is a third-generation wave model 
hosted by NOAA/NCEP who make available a 
dataset of  parametric and spectral wave data from 
1979 to the present for output points across the 
world’s oceans. Figure 1 shows the output points 
where WW3 generated wave data is available.  This 
study uses WW3 parametric wave data for the last 
40 years.  
Wave parameters have been calculated at the 
yellow points shown in Figure 1. Point 1 (Lon: 
168.1668; Lat: -17.8333) is the closest point 
available to understand wave propagation in Mele 
Bay and Erakor lagoon and this paper shows the 
analysis for this specific location. It is located at 
around 10 km of the entrance of Mele bay and at 
around 1000 m depth. 

 

Figure 1 Wave rose at point 1 (lon: 168.1668°; lat:-

17.8333°) for the period of 1979-2018. Rose and yellow 
points are locations of WW3 data available. Red and blue 
dot represent the localisation of Mele Bay and Erakor 
Lagoon respectively. 

This data is then analysed to identify trends in the 
following areas for Port Vila;  

• Wave Climate – The significant height, direction, 
period and wave energy is compared per year, 
per season, for the last 40 years and then 
extrapolated to deduce the future climate. 

• Storm Climate – Extreme wave events have 
been extracted from the hourly WW3 dataset to 
analyse the trend of storms in terms of intensity, 
duration and frequency, wave energy is also 
compared with Nino/La Nina events. 

• Inundation model - paper ends by showing 
extreme wave impacts on coastal flooding for 
Mele Bay and Erakor lagoon. 

3. Results 
3.1 Wave climate in Mele Bay and Erakor 

Lagoon 
Based on WW3 data, the dominant swell offshore of 
Mele Bay and Erakor Lagoon is assumed to come 
from the South-South-East. The wave 
characteristics per month and per season have 
been calculated for the period of 1979 to 2018 to 
identify the more energetic wave period of the year. 
Larger waves are noticed during the dry season but 
there are no significant differences between the 
main wave direction during the dry and wet season 
at the exception of some swell coming from the 
North West during the wet season, which is 
probably due to tropical cyclones. However, the 
wave energy flux is higher during the dry season. 
 

 

Figure 2 Wave roseplot for the wet (left) and dry (right) 
seasons at Point 1 using WW3 data from 1979 to 2018 

The wave energy flux has been plotted per month 
for the last past 40 years at different locations 
around Efate Island in Figure 3. 
 

 

Figure 3 Wave energy flux per month using WW3 at point 
1, point 6, point 9, point 10 and point 13 for 1979-2018 

The highest wave energy is likely to be during the 
dry season. The month of March is higher than the 
rest of the year for Point 1 most likely due to Tropical 
cyclones increasing the mean energy flux. Figure 3 
includes all the events for the period of 1979 to 
2018. When the storm data has been removed from 
the time series, the month of January, February and 
March slightly decrease and the rest of the time 
series remains the same. The energy flux has been 
plotted around Efate per year for the period of 1979 
to 2018 and a slight increase in the wave energy is 
observed for all the points. The South East part of 
Efate is the most exposed to high-energy waves 
compared to the north of the Island. 
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The long-term significant wave height, wave period 
and wave direction have been studied for future 
scenarios projection. In this approach, the trend has 
been plotted without including storm events, which 
are studied separately in section 3.2. 
 

 

Figure 4 Mean wave characteristics at point 1 (Lon: 
168.1668; Lat:-17.8333) using WW3 for the period of 
1979-2018. 

For the studied period, while a significant 
interannual variability of average parameters is 
observed (Figure 4), the main tendency remains the 
same. The significant wave height is slightly 
increased for the last 40 years and the mean wave 
direction is slightly shifted from the South-South-
East to South-East (Figure 4). When waves 
approach the shoreline, they are subjected to 
various phenomena such as wave diffraction, wave 
refraction, wave reflection or wave reformations. 
This shift could change the predominant component 
of the sediment budget and lead to rotation of the 
shoreline. The linear trend of the period is 
decreasing over the 40 past years. However, the 
trend depends on the scale used. The variability in 
climate, such as seasonal, interannual or 
interdecadal timescales play an important role 
through influencing sea levels, wave climate and the 
occurrence and characteristics of storm and cyclone 
conditions [11]. From 1979 to 2000, the wave period 
is decreasing while from 2000 to 2018 the wave 

period tends to increase. As a result, the wave 
energy flux at point 1 is slightly increasing despite 
annual fluctuation. The wave energy reaching the 
coastline is then highly sensitive to the local 
bathymetry and the presence of fringing reef. 
Changes to wave energy into the future are likely to 
change the levels of storm erosion experienced and 
response to storms [6].  
Whereas these trends are slow over a time scale of 
decades, these movements are significant for 
engineering scale and would need to be considered 
for future development. The understanding and 
prediction of climate variability are over long time 
scales. The 40 years of wave climate data is only a 
beginning in understanding an area and detecting 
seasonal and annual changes but still not enough to 
predict future centuries. 
 
3.2  Storm climate in Mele Bay and Erakor 
Lagoon 
While water level in the South Pacific is rising [7], to 
date the variability of storm waves is still unclear for 
the South Pacific islands. Extreme wave events in 
this study were considered to be those with 
significant wave heights above the 99.5 percentile 
value of the whole wave data set at point 1, which 
gives the wave height that exceeds 3.34 m.  
For the period of 1978 to 2018, 99 extreme events 
have been observed at point 1 (see Figure 1) which 
represents an average of 2.5 extreme events per 
year. The date of storm events found in the 
timeserie has been compared to the dates of 
tropical cyclone crossing or passing Port Vila in a 
perimeter of 400 km and cyclones could have been 
identified.  
The wave roseplot of extreme events (Figure 5) 
shows that there are two distinct wave directions 
coming either from the North-West or from the 
South-East. 
 

 

Figure 5 Wave roseplot of extreme events at point 1 using 
WW3 data from 1979 to 2018. 

The duration of storm per month and per year have 
been plotted in Figure 6. As expected most storms 
occurred in January, February and March with 
higher intensities in March. The direction of the 
incoming storm waves per month is mainly from the 
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South East even if there is a tendency coming from 
the north-west side. The average per month does 
not represent correctly the incoming direction. 
 

 

Figure 6 Average hours of storms per month (bars) and 
average significant wave height and direction (lines) per 
month for 1979-2018 using WW3 at point 1 

When the number of extreme waves is analysed per 
storm and per direction, 34 storms are found from 
the South East direction and 31 from the West-
North-West direction (Table 1).  

Table 1: Direction for each storm for the period of 1979-
2018 using WW3 data 

Direction Extreme event Number 

North-Est (0-45°) - 

East-North East (45-90°) - 

East-South East (90-135°) 22 

South-East (135-180°) 34 

South-West (180-225°) 6 

West-South West (225-270°) 3 

West North-West (270-315°) 31 

North-West (315-360°) 3 

 
While some researchers have documented from a 
long-term record of wave measurements the wave 
heights increase progressively since the late 1960s 
in the Northeast Pacific [12], the wave climate in the 
southwest of Efate island remains poorly 
documented. The wave characteristics per storm 
have been analysed to predict the intensity of the 
storms for the upcoming decades. The significant 
wave height per storm and the wave period are 
slightly increased for the period of 1979 to 2018 
(figure7). The wave direction is fluctuating between 
the North-West and the South-East direction with a 
period from 1995 to 2010 where the storms where 
mainly coming from the South-East direction. The 
general trend in wave energy is increasing while the 
number of extreme waves is slightly decreasing for 
the past 40 years. However, the timescale of this 
data is quite short and climate prediction for a long 
term based on these observations are quite 
complex to validate. 

 

Figure 7 Significant wave height, wave direction and wave 
period of storm events at point 1 using WW3 data for 
1979-2018. 

The number of extreme wave events fluctuates from 
year to year and the general trend is slightly 
decreasing with an average of almost 3 events per 
year (between 1979 and 1999) to 2 per year (from 
2000’s, Figure 8). Nevertheless, when these events 
are analysed with the duration per storm which is 
significant in terms of erosion, this trend is slightly 
increasing (black line) considering the number of 
storms slightly decreasing. 

 

 

Figure 8 Number of storm waves per year (blue stick), 
number of hours of storm per year (orange line) and ratio 
of the number of hours of storm wave conditions out of 
number of storm per year (black line) 

The duration per storm has also been analysed with 
the mean average of wave energy flux which 
significantly acts on coastal hazard impact. 
The Energy flux of extreme wave events has been 
increasing with the length of the event (Figure 9). 
The events observed are mainly due to tropical 
cyclones in the area of Port Vila. Longer events are 
usually the more intense and more likely to cause 
damage to the coast. The longest event has been 
observed in February 1988 during Tropical cyclone 
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Bola [2]. This event has produced storm waves for 
around 150 hours at the surrounding of Port Vila. 
This event is considered as having a higher impact 
to the coast than cyclone Odette in January 1985, 
which crossed within 200km of Efate Island but was 
fast [2]. Waves during cyclone Odette were quite 
energetic but only for a six hour period out of the 
extreme wave event duration considered. The other 
long event observed offshore of Port Vila was 
cyclone Tomas in March 1994 [2], which was 
category 4 and has produced high-energy waves for 
around 107 hours. 
 

 

Figure 9 Mean wave energy flux per event vs. duration of 
the event 

El Nino–Southern Oscillation (ENSO) is the largest 
source of internally generated climate variability in 
many regions [9]. El Niño often leads to drier 
conditions in the South Pacific islands while La Niña 
tend to enhance rainfall and tropical cyclones.  The 
effect of climate controls such as El Niño and La 
Niña on wave conditions is studied in this part. The 
goal of this research is to better understand the 
variability of ENSO on waves over the decades. 
Table 2 shows the wave characteristics for storm 
waves for the whole data set between El Niño and 
La Niña. 

Table 2 Storm wave characteristics for El Niño / La Niña. 

 El Niño La Niña 

Number of storms 13 19 

Mean duration (h) 23.8 19.5 

Mean Hs (m) 3.6 3.8 

Mean dir (°) 147.1 204.7 

Mean Tp (s) 10.4 9.9 

Mean Energy flux 
(kW/m) 

56.3 59.5 

 
Significant wave height is slightly higher during La 
Niña than during El Niño. Storm events from the 
North West are more frequent during La Niña than 
during El Niño. Nevertheless, the wave direction 
remains dominant from the South-East. Storms are 
likely to be more intense during La Niña than El Niño 
in the Southwest of Efate and looking at the wave 
direction, La Niña would have greater impact on the 
coast.  The frequency of storm waves are likely to 
occur more often during La Niña. 
The Australian Bureau of Meteorology has identified 
the 2015-2016 El Niño as the worst in 15 years. The 

two previous super El Niño events occurred in 1982-
1983 and 1997-1998 [5]. During this super El Niño 
and “super La Niña” in 2010-2011, wave conditions 
are more intense respectively. Storm waves in the 
South-West of Efate is likely to intensify for the past 
40 years during El Nino and La Nina (Figure 7). 
These climate variabilities will tend to increase 
coastal hazards and need particular attention for 
remote islands in development in the Pacific with 
poor coastal management knowledge [11]. 
 
4. Inundation from extreme waves 
For most of Pacific islands, sea level rise is a real 
threat particularly during cyclone events which are 
a primary cause of extreme water levels and wave 
conditions that can cause coastal inundation. SIDS’ 
weather is influenced by many climate drivers such 
as seasonal or interannual timescale (ENSO cycles) 
and Inter-Decadal Pacific Oscillation [3]. These 
climate drivers can influence sea levels, wave 
climate, particularly with storms and cyclone events 
[7].  
This section estimates inundation using a numerical 
model forced by extreme waves from WW3 dataset 
associated to a range of return period. WW3 data 
has been used to estimate extreme wave heights 
based on the statistics for the whole 40-year data 
set (from 1979 to 2018). For this location, the 
extreme wave is defined with the Peaks over 
Threshold (POT) method [8]. 
The dataset represents the maximum wave heights 
during each storm over the arbitrarily defined 
threshold.  The wave height threshold is 3.34m. 
Many numerical methods exist for the estimation of 
the parameters of extreme value distributions. 
Figure 10 shows return values of the Generalized 
Pareto Distribution (GPD) method [10]  fitted to the 
significant wave height data. Significant wave 
heights have been obtained with probability 
weighted moments and adjusted to 99.5% 
confidence intervals.  
 

 

Figure 10 Return value plot of the GDP model fitted to 
the Hs data obtained with the Probability Weighted 
Moments (blue line) and adjusted to 99.5% confidence 
intervals (dashed lines). 
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A varying return period for wave heights and 
associated periods have been calculated using 
numerous distribution methods such as the 
Generalized Pareto Distribution, the Gumbled 
method and the Weibull distributions and shown in 
Table 3.  

Table 3 Significant wave heights for varying return periods 
of extreme wave events using WW3 data using varying 
distributions 

 
The best regression has been found with Weibull 
using a parameter 𝛼 = 0.8 and it provides a similar 
wave height as the GPD. Wave parameters such as 
wave period and wave direction can be calculated 
with a joint distribution as shown below:  
 

𝑇 = 𝑐𝐻𝑑                                                               (1) 
 
Where c and d are some random parameters to 
relate wave characteristic, T to the wave height, H. 
Here, the joint distribution to calculate the 
associated wave direction of extreme event 
associated with extreme wave heights is not usable, 
as the direction of extreme wave events for the 
Southwest of Efate Island have been found to be 
either from the North-west or from the Southwest. 
The associated wave characteristics of the wave 
height using the Weibull method are shown in Table 
4. 

Table 4 Wave characteristics associated to the wave 
height of varying return period (Yrs) using Weibull 
distribution 

 
 
5. Numerical model set-up 
To estimate the inundation due to extreme wave 
events, a coupled numerical model was developed 
with Delft 3D Flow which solves the Reynolds-
averaged Navier Stokes equations [3]. The model 

consists of two nested grids of progressively 
increasing resolution to accurately resolve wave 
propagation. The largest wave domain extends from 
WW3 point 1 offshore and the resolution of the grids 
are 150 m x 150 m and 50 m x 50 m respectively. 
The flow grid is similar to the smallest wave grid with 
a resolution of ~ 50 m x 50 m. All the grid are 
inclined by α=40°.  The flow grid is 20 km long and 
14.65 km wide to cover the area of interest. The 
largest grid is 21.6km long and 64.65 km wide. The 
bathymetry and topography used the Local data 
through Light Detection and Ranging (LIDAR) 
technology and the Digital Elevation Model (DEM) 
from Vanuatu government at a spatial resolution up 
to 5m [1]. The Shepard weighted averaging method 
is used to define a depth value for each grid cell. 
Triangular interpolation is required between 
adjacent survey lines. In Delft3D the depth is 
positive and the land is negative. The NOAA WW3 
wave data at Point 1 (Lon: 168.16681; Lat: -
17.833269) is used as a wave input to force the 
model at the offshore boundaries. The wave 
characteristics used for the model are the significant 
wave height (Hs), the wave peak period (Tp) and 
the wave direction (Dir). The model has been 
calibrated over the period of the 4/10/2018 to the 
09/10/2018 with water levels and wave data 
collected by Griffith University at the entrance of 
Erakor lagoon. The tide gauge was placed at the 
entrance of Erakor lagoon (Lon: 168.30427°; Lat: -
17.773697°) and the wave buoy wave placed outer 

the reef at Erakor (Lon: 168.305368°; Lat:-

17.774982°). 
 

 

Figure 11 Two nested wave grids and one flow grid 
covering MeleBay and Erakor Lagoon used in Delft 3D 

The model was run over a full tidal cycle with the 
Average Recurrence Intervals (ARI) shown in Table 
4 so as to simulate overland inundation in two 
dimensions. Wetting and drying schemes are used 
to simulate the moving water boundary and the 
Chezy equation is chosen as the friction equation. 
The inundation lines corresponding to the Average 
Recurrence Interval (ARI) of 2, 10, 50 and 100 are 
shown in Figure 14 for worse case of each scenario.  
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Figure 12 Flooded contours corresponding to ARI 2, 10, 
50 and 100 with SE waves using WW3 dataseries for the 
period of 1979-2018. 

The coastline inside the Bay is constantly flooded 
even with extreme waves of 2-year return period. 
This coastline is low lying under 5m high. A storm 
wave coming from the Southwest direction would be 
the worst case for this area. Further refinements in 
the bathymetry will improve the accuracy of the 
results. These maps allow a first pass-assessment 
of flooding zones with extreme wave events. The 
inundation modelling does not include local wind 
effects which have an important influence on storm 
surge. This will be added in future work.   
 
6. Discussion and conclusions 
This study has looked into climate variations on 
waves affecting the South-West Coast of Efate 
Island. Changes in intensity, frequency and 
directions are really important to consider as waves 
shape beach profiles and morphology. Increasing 
wave energy and duration are likely to cause more 
erosion in coastal areas which means more 
challenges for coastal risks and adaptations.  
Waves are mainly influenced by wind, which is 
affected by climate patterns. These changes can 
lead to significant changes in the stability of the 
coast. 
The main trend found with the last 40 years of data 
for the South-West coast of Efate shows increases 
in wave height and a direction slightly shifted to the 
East. As a result, wave energy is likely to increase 
and the coast is likely to be more exposed coastal 
hazards. However, no increase in frequency has 
been found with the data used. Stronger El Niño/La 
Niña is likely to increase storm wave intensity. 
These trends need to be further studied at other 
data locations all around Vanuatu for climate 
projections. 
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