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Abstract 

Big wave and high water levels due to tropical cyclones and sea level rise cause various coastal 

damages such as flooding, damage to infrastructure, beach erosion, and saltwater intrusion into 

groundwater. Coral reefs have been demonstrated to attenuate wave energy. However, if mortality 

of corals occur in the future because of global impacts and/or local stresses, the reef will not 

develop, therefore losing it ability to reduce wave energy. In this study, we project the 

effectiveness of coral reefs for coastal disaster risk reductions on Melekeok reef in Palau Islands 

under sea level rise and intensified tropical cyclones to 2100. Moreover, we provide a coastal 

hazard map based on the results. A significant wave height at a shore on Melekeok reef was found 

to increase to a maximum of 1.3 m for degraded reefs (no reef development) and to a maximum 

1.2 m for healthy reefs (upward reef development) under sea level rise (+0.98 m) and an assumed 

intensified tropical cyclone (10 m of incident significant wave height and 15 s of incident significant 

wave period) in 2100. Importantly, a future healthy reef will contribute to a reduction of the wave 

heights at the shore on Melekeok reef. However, a future healthy reef will not contribute to a 

reduction of the wave levels at the shore. Our water level simulation indicates that the wave levels 

at the shore will increase to > 3 m under sea level rise and assumed intensified tropical cyclones in 

2100. According to our coastal hazard map, the coastal road and some houses along the shore will 

be at greater risk of inundation in 2100.  
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Introduction  

Coral reefs are highly effective as natural breakwaters. More than 150,000 km of the shoreline in 

100 countries and territories is thought to receive some protection from reefs (Burke et al. 2011). 

However, coral reefs have been subject to recent dramatic declines as results of global and local 

impacts. Additionally, sea level rise (SLR) caused by global warming will probably increase the risk of 

flooding, coastal erosion, and saltwater intrusion of surface water (Woodruff et al. 2013). 

Furthermore, numerical projections indicate that climate change will increase the mean maximum 

wind speed of tropical cyclones (TCs) by the end of 21st century (Christensen et al. 2013). It will 

probably cause large waves and storm surges, and can lead to coastal damages such as damages to 

infrastructure. This suggests that the effectiveness of coral reefs as natural breakwaters will change 

by the end of 21st century. Therefore, future projection of the effectiveness of reefs is important 

topics for coastal disaster risk reductions on reef-lined coasts. 

 

The Palau Islands are rarely affected by TCs, but two severe TCs (Typhoon Bopha in 2012 and 

Typhoon Haiyan in 2013) recently impacted the islands. Murakami et al. (2011) indicated that TCs 

will probably be an eastward shift in the genesis location in the northwest Pacific in the near future 

(2075–2099). This implies that Palau Islands that currently experience only infrequent and lower 

intensity TCs will probably be affected by more frequent and intense TCs in the near future. The 

goal of the present study is to provide a quantitative projection of wave heights and water levels 

change using a numerical simulation model CADMAS-SURF (CDIT 2001) for Palau Islands under the 

SLR and intensified TCs conditions by 2100. Additionally, the present study provides a coastal 

hazard map based on the results. 
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Methods 

1. Study site 

The present study site is located in Melekeok reef, at the east central coast of Babeldaob, in Palau 

Islands (Figure 1). Most of the communities along the coast are found at altitude of < 3 m above the 

present mean sea level (MSL).There is no artificial breakwater and seawall for ocean waves and 

storm surge along the reef. 

 
 

Figure 1: Location of Melekeok reef in Palau Islands. The line shows the location of the survey 

transect. 

 

2. Simulation of wave heights and water levels 

We focused on two parameters: (1) the significant wave height (Hs) at the shore (Hs-s); and (2) the 

averaged water level at the shore (WLs). The Hs is defined as the mean wave height of the highest 

33% of waves. In order to evaluate entire reef dissipation of waves, we used a parameter (Pwave): 

percentage of wave dissipation from the outer ocean to the shore.  

Pwave is expressed as: 

𝑃
𝑤𝑎𝑣𝑒=(1−

𝐻𝑠−𝑠
𝐻𝑠−𝑜𝑐𝑒𝑎𝑛

)×100
 

where Pwave is the percentage of wave dissipation, Hs-s is the significant wave height at the shore, 

and Hs-ocean is the significant wave height at the outer ocean.  

 

To estimate the wave parameters, we used the CADMAS-SURF (Super Roller Flume for Computer 

Aided Design of Marine Structure) wave simulation model (CDIT 2001). The model calculates wave 
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characteristics using four input parameters: (1) incident significant wave height at the outer ocean 

(Hs-ocean); (2) incident significant wave period at the outer ocean (Ts-ocean); (3) incident water level at 

the outer ocean (WLocean); and (4) topography. 

(1) incident significant wave height at the outer ocean (Hs-ocean): we assumed that the Hs-ocean will 

range 7—10 m. The Hs-ocean was provided by Windguru (see http://www.windguru.cz) and the value 

was 8.7 m during Typhoon Bopha. (2) incident significant wave period at the outer ocean (Ts-ocean): 

we assumed that the Ts-ocean will range 12—15 m. The Ts-ocean was also provided by Windguru (see 

http://www.windguru.cz). During Typhoon Bopha, the value was 13 s. (3) incident water level at the 

outer ocean (WLocean): we assumed that the WLocean will be +2.78 m above the present MSL based 

on the future SLR, storm surge, and high tide. The future SLR is predicted to maximum 0.98 m at the 

end of 21st century (Church et al. 2013). At Palau Islands, the high tide is ca. 0.8 m above the MSL 

during spring tides. Strom surges lead to extreme SLR when TCs make landfall. We assumed that 

intensified TC (minimum central pressure of ca. 900 hPa) will approach the study site and then sea 

level will increase to 1 m as a result of the suction effect. (4) topography: we used a topography 

along the survey transect that extended from 21 m above MSL at the shore to 269 m water depth, 

based on the data from Hongo et al. (in press). We used two reef condition scenarios for predicting 

vertical reef growth to 2100. The first was that the reef is degraded and no growth occurs, and the 

second was that reef is healthy and has a growth rate equal to the future SLR (+0.98 m). 

Additionally, we estimate Hs-s and WLs under a no reef development condition in order to clearly 

show the importance of the reef. 

 

3. Coastal hazard map 

We draw a simple coastal hazard map regarding inundation area at the study site. The map drawing 

was performed using R software (v.2.13.0; R Development Core Team 2011) and Adobe Illustrator 

CS4. The topographic data is based on the digital elevation data of PALARIS in Palau. In this study, 

we assumed that an inundation height is equal to the simulated WLs and the topography is same 

everywhere at Melekeok reef, although the WLs was obtained along the survey transect only. 
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Results 

1. Significant wave height at the shore (Hs-s) 

According to our wave simulation, the entire reef dissipates 87.0—92.9 % of the Hs-ocean (Table 1). If 

the study site has been characterized by no reef development, the site could have dissipated only 

65.7 % of the Hs-ocean (Figure 2). 

 

(a) 

 
 

(b) 

 
 

Figure 2: Examples of wave simulation results of Melekeok reef. (a) Reef development condition 

(i.e., present-day reef). The waves were found to decrease from the reef slope to the shore. (b) 

Assumed no reef development condition. The large waves approached the shore. The assumed Hs-

ocean and Ts-ocean values were 7 m and 12 s, respectively. The assumed WLocean was +2.78 m (i.e., 0.8 

m of high tide, 0.98 m of SLR, and 1 m of storm surge) above the present-day MSL.  
 

The Hs-s was found to increase to a maximum of 1.3 m for degraded reefs and to a maximum 1.2 m 

for healthy reefs under intensified TCs and SLR (Table 1). An increase in the intensity of TCs will 

cause an increase in the Hs-s. For example, a Hs-s value of 0.6 m for a healthy reef under TC condition 

(7 m of Hs-ocean and 12 s of Ts-ocean values) will increase to 1.3 m under more intense TC condition (10 

m of Hs-ocean and 15 s of Ts-ocean values). 
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Table 1: Calculated Hs-s for degraded reefs and healthy reefs at the study site at the end of 21st 

century. 

Hs-ocean Ts-ocean Hs-s Pwave Degraded reef/Healthy reef 

7 m 12 s 0.6 m 91.4 % Degraded reef 

0.5 m 92.9 % Healthy reef 

8 m 13 s 0.6 m 92.5 % Degraded reef 

0.6 m 92.5 % Healthy reef 

9 m 14 s 0.9 m 90.0 % Degraded reef 

0.7 m 92.2 % Healthy reef 

10 m 15 s 1.3 m 87.0 % Degraded reef 

1.2 m 88.0 % Healthy reef 

Note that the assumed WLocean was +2.78 m (i.e., 0.8 m of high tide, 0.98 m of SLR, and 1 m of 

storm surge) above the present-day MSL. 

 

2. Water level at the shore (WLs) 

According to our water level simulation, the WLs was 3.3 m—3.7 m by 2100 (Table 2). If the study 

site has been characterized by no reef development, the WLs could have increased to 5.6 m. The 

WLs was found to increase to a maximum of 3.7 m for as well as healthy reefs under intensified TCs 

and SLR. An increase in the intensity of TCs will cause an increase in the WLs. For example, a WLs 

value of 3.3 m for a healthy reef under TC condition (7 m of Hs-ocean and 12 s of Ts-ocean values) will 

increase to 3.7 m under more intense TC condition (10 m of Hs-ocean and 15 s of Ts-ocean values). 

However, there is no difference in WLs between degraded reefs and healthy reefs (Table 2). 

 

Table 2: Calculated WLs for degraded reefs and healthy reefs at the study site at the end of 21st 

century. 

Hs-ocean Ts-ocean WLs Degraded reef/Healthy reef 

7 m 12 s 3.3 m Degraded reef 

3.3 m Healthy reef 

8 m 13 s 3.3 m Degraded reef 

3.3 m Healthy reef 

9 m 14 s 3.5 m Degraded reef 

3.5 m Healthy reef 

10 m 15 s 3.7 m Degraded reef 

3.7 m Healthy reef 

Note that the assumed WLocean was +2.78 m (i.e., 0.8 m of high tide, 0.98 m of SLR, and 1 m of 

storm surge) above the present-day MSL. 
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3. Coastal hazard map 

According to our worst scenario about the inundation by 2100, the WLs will increase to 3.7 m above 

present MSL under more intense TC condition (10 m of Hs-ocean and 15 s of Ts-ocean values). A coastal 

hazard map at the study site in 2100 indicates that the coastal road and some houses will be at 

greater risk of inundation (Figure 3).  

 

 
 

Figure 3: Coastal hazard map at the study site. The assumed Hs-ocean and Ts-ocean values were 10 m 

and 15 s, respectively. The assumed WLocean was +2.78 m (i.e., 0.98 m of SLR, 0.8 m of high tide, and 

1 m of storm surge) above the present-day MSL. 
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Discussion 

1. Wave dissipation by reef growth 

Our wave simulation results indicate that Melekeok reef will be highly effective in dissipating 

waves, with the entire reef able to reduce the Hs by 87.0—92.9 %. Other reefs (e.g., US Virgin 

Island, Australia, and Guam) have been reported to reduce wave height by an average of 84 % (n = 

13, 76%–89%) for the entire reef (Ferrario et al. 2014). Generally, wider reef flats are reported to 

have greater dissipation efficiency (Sheppard et al. 2005). The reef in the present study is 

characterized by a wide reef flat (~1000 m wide). 

The healthier a reef, the greater its effectiveness at reducing wave heights in the future. Generally, 

reef growth increases the dissipation of waves breaking as the water depth decreases (Gourlay et 

al. 2011). High waves will probably cause significant coastal damages such as destruction of 

infrastructures. To reduce wave heights and the risks at the study site, keeping upward reef growth 

will be needed.  

 

However, if mortality of coral occurs at the study site in the future because of global impacts (e.g., 

elevated sea surface temperature) and/or local stresses (e.g., sediment discharge and 

eutrophication), the reef will not develop sufficiently. In Palau Islands, the loss of mature coral 

colonies on the eastern reef slopes may have decreased coral recruitments after Typhoon Bopha in 

2012 and Typhoon Haiyan in 2013 (Gouezo et al. 2015). Therefore, corals monitoring at the study 

site will be needed. 

 

2. Coastal risks increase in 2100 

Our water level simulation indicates that WLs will increase to > 3 m at the study site. The elevation 

of the coastal road and some houses at the study site is < 3 m. Therefore, the area will be probably 

flooded under the intense TCs and SLR in 2100. This could lead to destruction of infrastructures. 

Additionally, saltwater intrusion into groundwater could cause long-term problem for water 

management (Rotzoll and Fletcher 2013). 

 

Our results show that there is no significant change in WLs between degraded reefs and healthy 

reefs at the study site.  It implies that healthy reefs will not reduce increasing in WLs. Therefore, 

other effective plans will be considered in order to reduce the coastal risks by 2100. 

 

3. Limitations of the study 

In this study, we calculated values of Hs and WLs using the CADMAS-SURF wave simulation model. 

However, reef coasts are influenced by lateral flows such as diffracted waves due to topographic 

effects. To simulate the complex behavior of waves, 3D-wave analysis will be required. Moreover, 

we input values of Hs-ocean and Ts-ocean as a regular wave into the CADMAS-SURF. However, calculations 

value of Hs and WLs using the CADMAS-SURF based on irregular waves will be required. 
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Furthermore, it is necessary to many calculations results of Hs and WLs using the CADMAS-SURF 

under various TCs condition.  

 

Policy recommendation 

To reduce the wave height at the shore, this study shows the importance of maintaining upward 

reef growth in the future. Additionally, this study shows that the reef will not reduce the increasing 

of WLs, even if the reef will be healthy. Although there are some limitations of the study, we 

suggests the four policy recommendations to Melekeok state and Palau government. 
 

(1) A future healthy reef will contribute to a reduction of the wave heights on Mekekeok reef, 

although the wave heights will be increased by intensified typhoons and sea-level rise by 2100. 

However, if mortality of corals occurs at the study reef in the future due to global and/or local 

stresses, the reef will not develop. Therefore, “corals monitoring as well as stresses monitoring will 

be needed”. 
 

(2) If future reef will be degraded, we probably will consider conservation plans in order to reduce 

the wave heights at the shore. To enhance upward reef growth at the study site, “we probably start 

on consideration of coral transplantations”. 

(3) According to our water level simulation on the shore at Melekeok in 2100, a future healthy reef 

will not contribute to reduction of the water level. It implies that the coastal road and some houses 

along the shore will be flooded based on the worst scenario in 2100. To protect our lives and 

property, “evacuation sites, signs, routes, and training will be need”.  
 

(4) We assumed that the coastal flooding will probably occur in the future, but we have to 

continuously study and simulate using new scientific data.  Especially, in situ records of wave 

heights and water levels at the study site will contribute to precisely prediction of the future risks. 

Therefore, “we have to start on monitoring for water levels and wave heights at Melekeok reef and 

Palau Islands”. 
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