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ABSTRACT 31 

This study examines the variations in the shoreline position of two atoll reef islands in the 32 

West Philippine Sea, Pag-asa Island, and Lawak Island, and identifies the influence of 33 

potential drivers of erosion. Data from field observations, beach profiling, and Google 34 

Earth Pro satellite images from 2004 to 2022 are used to identify shoreline movement for 35 

each island. Shoreline change is calculated, and area change is measured for each 36 

island. Seasonal changes in shoreline position due to seasonal variations in wind regime 37 

are observed in Lawak Island, but not in Pag-asa Island. The lack of seasonal variation 38 

in the shorelines of Pag-asa Island are attributed to solid-based structures impeding 39 

sediment drift around the island. The overall trend of relative sea-level rise is correlated 40 

with the overall erosion and interannual changes in sea level which coincides with 41 

interannual variations in area change for both islands. Storm events are also found to 42 

lead to erosion and the raising of the island elevation through overwash deposition. The 43 

overall changes in shoreline position show that the northern and eastern coasts of Pag-44 

asa Island and Lawak Island, eroded faster than their southern and western coasts, 45 

respectively. Such variations are attributed to the overall weakening of Southwest 46 

Monsoon winds and more consistent northeasterly winds, which are likely due to the 47 

negative Pacific Decadal Oscillation (PDO) during the period of study. Given the future 48 

scenarios on climate change and the threat it poses to reef islands, improving the health 49 

of the coral reefs is a must since the sediment that reefs provide dampens the erosive 50 

effects of sea-level rise and extreme-wave events. 51 

 52 

 53 
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INTRODUCTION 54 

Atolls form through the upward growth of reef-building corals on top of a subsiding 55 

platform (Droxler and Jorry, 2021). Small, low-lying islands forming on the rims of these 56 

atolls are called atoll islands, or reef islands. These islands are mainly composed of loose 57 

or unconsolidated carbonate materials which are typically coral fragments, coralline or 58 

calcifying algae, mollusks, and foraminifera (Woodroffe and Biribo, 2011).  59 

Small, reef islands with maximum elevations of less than 10 m and an area of less than 60 

1 km2 are more likely to experience shoreline change since these island types are more 61 

susceptible to marine inundation and are unstable due to their composition (Kumar et al., 62 

2018). In the Western Pacific, atoll islands are projected to experience a 63 

disproportionately high risk in future island habitability due to the combined effects of sea-64 

level rise, extreme El Niño events, increased storm frequency and intensity, and distance-65 

source waves or swells (Duvat et al., 2021). Additionally, reef islands are also sensitive 66 

to anthropogenic activities such as land reclamation and construction of structures as 67 

indicated by studies in urban atolls (Ford, 2012; Yates et al., 2013). 68 

The Philippines is chiefly composed of islands with an area of less than 1 km2 or 100 ha, 69 

and these islands are mostly located in the southern parts of the archipelago. Takagi and 70 

Esteban (2016) found that tropical cyclones (TCs) have been moving in a more southward 71 

direction given the increase in TC passage within the 10°N-12°N latitudes between 1945 72 

and 2013. TCs can generate extreme waves that can cause large geomorphic changes 73 

in the shoreline of reef islands (Duvat et al., 2020; Ford & Kench, 2016; Mann & Westphal, 74 

2016; Tuck et al., 2021). Storms are in fact considered the primary influence on shoreline 75 

change in tropical islands (Rankey, 2011). The southward migration of TC activity along 76 
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with projected sea-level rise puts Philippine reef islands at risk to storm surges, flooding, 77 

and erosion. Unfortunately, very few studies focus on shoreline change in reef islands in 78 

the Philippines.  79 

This study determines historical changes in the shoreline position of two reef islands in 80 

the West Philippine Sea with differing degrees of human activities and explores the 81 

possible causes of shoreline movement for each. The effects of anthropogenic structures 82 

are investigated in this study. 83 

 84 

MATERIALS AND METHODS 85 

Study sites 86 

Located west of Palawan, Philippines is the Kalayaan Island Group (KIG). It is composed 87 

of several atoll systems and low-lying reef islands. These islands belong to the 88 

“Dangerous Grounds” which is an area underlain by continental crust that rifted from 89 

mainland Asia with the onset of spreading in the South China Sea (SCS) basin and has 90 

been undergoing post-rift thermal subsidence ever since (Hutchison & Vijayan, 2010).  91 

Due to the geographic location and topography of the KIG, it is highly susceptible to 92 

climate change effects such as sea level rise. Relative sea-level rise in the West 93 

Philippine Sea has a rate of 4-6 mm/yr (Kahana et al., 2016) which is faster than the 94 

global average of 3.3 mm/yr (Guérou et al., 2023). Sea-level rise effects to reef islands in 95 

the region can be exacerbated by subsidence given that the islands are all sitting on atoll 96 

rims. Janer et al. (2023), estimated the subsidence rate of the West and East Pag-asa 97 

Reef atolls to be 0.3 to 1.3 mm/y.  They argue that this subsidence has allowed the 98 
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maintenance of the atoll’s morphology. The compounded effect of sea level rise and 99 

subsidence, however, makes these islands susceptible to coastal erosion. 100 

Reef islands within the South China Sea basin have eroded over the past three decades 101 

(Liu et al., 2020). Due to the cost of high-resolution satellite imagery, the study used 102 

Landsat and Sentinel-2 satellite images which the authors used to estimate long-term 103 

(1989-2019) changes in island area. As of present, this is the only study of this type that 104 

has been done in the region. 105 

Pag-asa Island and Lawak Island are two of several low-lying atoll reef islands belonging 106 

to the KIG (Figure 1). These islands are affected by seasonal wind, the Northeast 107 

Monsoon between November and February, and the Southwest Monsoon between June 108 

and October (PAGASA, n.d.). Archival data from the Joint Typhoon Warning Center 109 

(JTWC) show that the KIG is rarely hit by typhoons. In the last 20 years, most of the 110 

storms (TC) passed north of the region. 111 

Pag-asa Island (Figure 1a) is located about 500 km from Puerto Princesa, Palawan, and 112 

is located atop the eastern rim of the West Pag-asa Reef Atoll. The perimeter of the West 113 

Pag-asa Atoll Lagoon is 27.2 km. The northern and southern coasts of Pag-asa Island 114 

face the open ocean, its eastern coast faces the channel between the West Pag-asa Atoll 115 

and the East Pag-asa Atoll, while its western coast faces the lagoon. A 1.3-km E-W-116 

oriented runway, the Rancudo Airfield, cuts across the southern part of the island. Both 117 

ends of the runway extend onto the reef flat. A harbor was dredged on the northwest side 118 

of the island and its immediate surrounding area was reclaimed beginning in 2019. Tides 119 

around Pag-asa Island are mixed semi-diurnal with a mean tidal range of 0.87 meters 120 
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(NAMRIA, 2014). Villanoy & Mancebo (1998) infer that waves around the island 121 

propagate from the general direction of the Northeast monsoon and that circulation within 122 

the reef areas are driven mainly by wind or offshore currents impinging on the reefs. 123 

Lawak Island (Figure 1b) is located 300 km from Puerto Princesa, Palawan and is 169.5 124 

km W-SW of Pag-asa Island. The island is on the western rim of the Patag-Lawak Atoll. 125 

The perimeter of the lagoon of the Patag-Lawak Atoll is 48.2 km. The eastern coast of the 126 

island faces the lagoon while its western coast faces the open sea. Unlike Pag-asa Island, 127 

no man-made structures are jutting out of Lawak Island’s coastline. Additionally, there are 128 

no previous studies focusing on Lawak Island. 129 

 130 

Field survey 131 

Field surveys were conducted on Pag-asa Island in April 2021, October 2021, February 132 

2022, April 2022 and September 2022. to identify indicators of shoreline erosion and 133 

accretion. Such indicators include the displacement of structures relative to the shoreline, 134 

overwash deposits, exposed roots of beach vegetation, scarps, and lag deposits. Due to 135 

time constraints, only a short ocular survey was conducted on Lawak Island. 136 

 137 

Beach Profiling 138 

Beach profiling was only done in February 2022, April 2022 and September 2022. The 139 

Emery (1961) method (Figure 2) is used to measure the beach profiles and estimate the 140 

average beach slope of Pag-asa Island. Each measurement has an accuracy of up to 1 141 
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cm, however, it should be noted that the Emery method relies on the accuracy of each 142 

individual measurement since the readings are added together to obtain the beach profile. 143 

Beach profiles are corrected to the Mean Sea Level (MSL) by getting the difference 144 

between the recorded elevation and calculated difference between MSL and predicted 145 

tides. Predicted tides are calculated using the tide table and associated methods provided 146 

by the National Mapping and Resource Information Authority (NAMRIA, 2014). For Lawak 147 

Island, the beach slope is estimated from the collected photographs during the brief field 148 

survey around the island using the ImageJ application. For each image, an object with a 149 

known size is used as a reference for the calibration of the application before the actual 150 

measurement of the beach slope. The calculated and measured beach slope or slope of 151 

the beach face which starts from the storm berm to the elevation of the calculated MSL 152 

for Pag-asa and Lawak, respectively, are used to calculate uncertainty values due to tidal 153 

variation per the method proposed by Warnasuriya et al. (2018). Additionally, beach width 154 

is measured from the storm berm crest to the elevation of the MSL. 155 

 156 

Shoreline Change Analysis 157 

In this study, Google Earth images (Table 1 and 2) are georeferenced using ArcGIS 158 

10.8.1 software. The high-water line (HWL) is used as an indicator of shoreline position 159 

to minimize the effect of tides on shoreline calculation. The HWL appears as the most 160 

landward dark line or the interface between wet and dry sand where wet sand appears 161 

darker. It represents the point on the beach reached by the high tide. If the HWL is not 162 

present, then it is assumed that the image is captured during the high tide. This method 163 
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is adopted since tide correction could not be accomplished since Google Earth images 164 

lack metadata. Manual digitization of Google Earth images for both islands is done using 165 

the ArcGIS 10.8.1 software. The HWL of Pag-asa Island is traced using the GPS unit 166 

during field surveys in February 2022 and April 2022. Additionally, area change for each 167 

island is also calculated from the resulting shoreline shapefiles by converting the 168 

shapefiles into polygons. The area of each polygon is calculated using the field calculator 169 

and the measured values are added or subtracted from previous values depending on 170 

whether the shoreline advanced or retreated.  171 

The estimation of uncertainty associated with each shoreline position was based on      172 

Warnasuriya et al. (2018) which considers tidal variation, digitizing error, and geometric 173 

error. Since Google Earth images were georeferenced beforehand, geometric error was 174 

excluded from the calculation. The largest contributor to Total Uncertainty for the digitized 175 

shorelines of Pag-asa Island is tidal error. For shorelines traced using the handheld GPS 176 

device, the largest contributor is GPS error which is identified to be equal to ±3 m (Table 177 

1). 178 

Net Shoreline Movement (NSM), End Point Rate (EPR), and Linear Regression Rate 179 

(LRR) were then determined using the Digital Shoreline Analysis System (DSAS), an add-180 

in to Esri ArcGIS desktop. Figure 3 shows the summary of the workflow used in the study. 181 

NSM measures the distance between the oldest and youngest shorelines in meters, EPR 182 

is the distance divided by the time between the oldest and youngest shoreline and LRR 183 

is determined through fitting a least-squares regression line to all points within the 184 

transect where each shoreline intersects (Himmelstoss et al., 2018). 185 
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Climate Data Analysis 186 

In the absence of in-situ climate measurements within the KIG, estimations provided by 187 

satellite data were used (Table 3). Estimations were downloaded from the Copernicus 188 

Marine Data Store (https://data.marine.copernicus.eu/products) and the Copernicus 189 

Climate Data Store (https://cds.climate.copernicus.eu).   190 

RESULTS 191 

Field Surveys 192 

Extensive erosion in the northern coast of Pag-asa Island and a relatively stable southern 193 

coast are observed during the ocular surveys. Man-made structures (Figures 4 and 5) 194 

along the coast that have been undercut (Figure 5f) or found seaward of the waterline 195 

(Figure 4b) are used as indicators of shoreline movement. Along the south beach, 196 

concentrations of gravel (Figure 5d) are associated with erosion that extended landward 197 

beyond the sheet piles of the runway on both ends (Figure 5f). Other indicators of erosion 198 

(Figures 5a-c,e) are also found around the island and are more prevalent on the northern 199 

coast compared to the southern coast. 200 

The northern coast of Pag-asa Island is wide compared to its southern coast based on 201 

beach profile measurements. Mean beach slopes (Table 4) measured from the storm 202 

berm to the elevation of mean sea level (MSL), calculated from the NAMRIA tide table 203 

(NAMRIA, 2014), show that the northern coast is steep and has a less variable slope 204 

when compared to the southern coast. 205 

 206 
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Time Series of Changes in Shoreline Position 207 

The calculated shoreline change statistics for Pag-asa Island are shown in Figure 6. 208 

Transects were grouped into six for ease of discussion. NSM, EPR, and LRR values 209 

follow a similar trend. Seventy-eight percent of the shoreline eroded while the remaining 210 

22% accreted. Average shoreline statistics for each zone reveal that Zone C has the 211 

highest average erosion while Zone A is the only zone with observed accretion from 2005 212 

to 2022. 213 

Overall, NSM and LRR values for the northern coast of Pag-asa Island were -14.5 m and 214 

-0.88 ± 0.13 m/yr, respectively. While for the southern coast, NSM and LRR values were 215 

-3.7 m and -0.28 ± 0.15 m/yr, respectively. These numbers indicate that the island’s 216 

northern coast eroded from 2005 to 2022 while the southern coast remained relatively 217 

stable. This is consistent with field observations. Figure 7 illustrates the pattern of 218 

cumulative area changes across different periods. Consistent with overall NSM and LRR 219 

values, the area of the northern coast declined, while the area of the southern coast was 220 

relatively stable. 221 

Figure 8 shows the calculated shoreline change statistics for Lawak Island. Overall, NSM, 222 

EPR, and LRR values follow a similar trend. Shoreline change calculations indicate that 223 

the entire coast of Lawak Island was eroded by an average distance of -7.5 m (NSM) or 224 

-0.43 ± 0.22 m/yr (LRR). About 80% of the generated transects for this island were 225 

erosional while the remaining 20% were accretional. Lawak Island transects were divided 226 

into two zones based on the overall trend for ease of discussion. All segments of Zone B 227 
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were erosional while Zone A had alternating areas of erosion and accretion. Figure 8 also 228 

shows the average shoreline change statistics values for each zone. 229 

Lawak Island experienced a net decrease in area over time from 2004 to 2021 (Figure 9). 230 

The western side lost 0.2 ha while the eastern side lost 0.5 ha. There were large 231 

fluctuations from 2009 to 2015 and smaller fluctuations in the following years. Between 232 

2015 and 2019, area change in the eastern and western coasts of the island showed 233 

alternating trends. When the eastern coast was accreting, there was erosion in the 234 

western coast, and vice versa. Overall, the largest increase in the island’s land area was 235 

between March 2011 to May 2012 at 1 ha, while the largest decrease at 1.4 ha was 236 

between October 2014 to December 2014. 237 

 238 

DISCUSSION 239 

Seasonal changes in shoreline position 240 

Seasonal shifts in monsoon winds cause seasonal reversals in sediment flux and in turn 241 

seasonal shoreline changes (Kench & Brander, 2006). The East Asian Monsoon affects 242 

countries in Southeast Asia including the Philippines and consists of the East Asian 243 

summer monsoon (EASM) or the Southwest (SW) monsoon and the East Asian winter 244 

monsoon (EAWM) also known as the Northeast (NE) monsoon. Marchesiello et al. (2020) 245 

discussed that the NE monsoon, which is characterized by strong winds from the 246 

northeast, brings in heavy swells (>4m) due to high wind conditions with mean wind 247 

magnitude reaching 9 m/s and significant wave heights of 1- 2.5 m. Conversely, the SW 248 

monsoon, characterized by strong winds from the southwest, brings in 6 m/s winds and 249 
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weak waves about 0.8 m on average with tropical storms and typhoons causing significant 250 

wave heights to temporarily rise to around 4 m. 251 

Wind data shows the seasonal shift of wind regimes (Figure 10) with the NE monsoon 252 

being more dominant than the SW monsoon. It also indicates that Pag-asa Island, relative 253 

to Lawak Island, experienced slightly stronger winds during the study period. Additionally, 254 

Google Earth images show that waves during the NE monsoon were generally better 255 

defined than waves during the SW monsoon. 256 

Seasonal changes in wind direction were correlated with seasonal changes in shoreline 257 

position for both islands. However, Pag-asa Island (Figure 11) exhibited subdued 258 

seasonal changes in shoreline position, while larger shifts were exhibited by Lawak Island 259 

(Figure 12). Lawak Island becomes more elongated during the SW monsoon while during 260 

the NE monsoon, the northern and southern tips of the island become truncated. 261 

 262 

Impact of structures. 263 

The differences observed in the trends of shoreline change, especially for the seasonal 264 

changes, between Pag-asa Island and Lawak Island are attributed to the presence or 265 

absence of man-made structures along the shore. During the NE monsoon, the 266 

predominant direction of longshore drift along the eastern coast of Lawak Island is 267 

northward while along the western coast, it is southward (Figure 13a). During the SW 268 

monsoon, the wave patterns are similar but weaker based on waves breaking along the 269 

reef crest (Figure 13b). More waves are also observed to break along the western side of 270 
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the reef crest. The predominant direction of longshore drift remains the same, with minor 271 

changes in segments where it converges and diverges. 272 

During the SW monsoon, more waves break along the western side of the island’s reef 273 

flat (Figure 14b). Wave patterns within the reef flat are similar to wave patterns during the 274 

NE monsoon, however, due to stronger waves coming from the western side of the island, 275 

longshore drift is modified. The largest change in shoreline position was along the 276 

northernmost portion of the island. This change is largely attributed to the construction of 277 

the port and harbor along the northwestern coast of the island in 2019. 278 

Post-port and harbor construction, incoming waves from west of the island cause 279 

sediment along the outer portion of the harbor to drift towards the east (Figure 16), instead 280 

of following the east-to-west trend during the NE monsoon as discussed above. 281 

Longshore drift along the northeast portion of the coast remains the same.  282 

There are no available Google Earth images taken during the SW monsoon post-port and 283 

harbor construction. However, based on the previous discussion, waves coming from the 284 

west would cause the predominant direction of longshore drift along the northwest coast 285 

of the island to reverse. The port and harbor would cause a decrease in the supply of 286 

sediment reaching the north by blocking the direction of longshore drift towards this 287 

portion of the island thereby causing flattening in the northern coast. 288 

Before the construction of the runway and harbor, the circular shape of Pag-asa Island 289 

and the waves generated by shifting wind directions would likely produce reversing 290 

sediment drift directions around the island which would follow a pattern similar to Lawak 291 

Island (Figure 16). With the runway jutting out onto the reef flat on both ends, the sediment 292 
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exchange along the northern and southern coastlines was arrested. Furthermore, during 293 

the NE monsoon, sediment may get trapped on the northern side of the western end of 294 

the runway, and during the SW monsoon, sediment can be lost to the reef flat on the 295 

southern end of the eastern runway. These likely contributed to the eroding trend of the 296 

northern coastline.  297 

The eastern side of Lawak Island faces the Patag-Lawak Atoll’s lagoon while the western 298 

side of Pag-asa Island faces the West Pag-asa Atoll lagoon. The reef flats of both islands 299 

are more extensive on the north-northeastern side of each island, however, the reef flat 300 

of Pag-asa Island is four times the size of Lawak Island's reef flat. Lagoonward shores 301 

are expected to experience less wave energy but are more susceptible to sea-level rise 302 

given their lower elevation, however, this could be more variable due to other factors such 303 

as water depth, size of the lagoon, fetch (Woodroffe, 2008). Therefore, the lagoon's role 304 

in coastal protection could be attributed to the differing sizes and depths of the atoll 305 

lagoons to which each island belongs. Additionally, a more extensive reef flat area on the 306 

north-northeastern side of each island could lead to less energetic waves reaching each 307 

island in that direction and therefore less erosion. 308 

 309 

Inter-annual changes caused by climate 310 

Alternating warm and cold phases of El Niño-Southern Oscillation (ENSO) were 311 

experienced between 2000 and 2022 (Figure 17a) while cold phases of the Pacific 312 

Decadal Oscillation (PDO) dominated between 2000 and 2022 with warm phases 313 

occurring only between 2002 and 2005 as well as 2014 and 2016 (Figure 17b). The 314 

highest positive values for the multivariate ENSO index were recorded between 2014 and 315 
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2016 when it coincided with the Pacific Decadal Oscillation (PDO) warm phase. This 316 

warm phase of both the PDO and ENSO coincides with decreased typhoon activity in the 317 

region. 318 

A major El Niño event was anticipated from 2014 to 2015, however, this failed to 319 

materialize and instead aided in the development of the 2015-2016 extreme El Niño event 320 

(Levine and McPhaden, 2016). El Niño events initially cause a weak East Asian Winter 321 

Monsoon (EAWM) with weaker waves and transport in the South China Sea basin, which 322 

is followed by a strong East Asian Summer Monsoon (EASM) that is further strengthened 323 

by a positive PDO phase (Marchesiello et al., 2020), as was the case between 2014 and 324 

2016. 325 

The 2015-2016 event was found to evolve as a Central Pacific El Niño event (Paek et al., 326 

2017). Central Pacific El Niño events were identified to amplify north or northeasterly 327 

winds linked with the NE monsoon or EAWM (Kaboth-Bahr et al., 2021) however, this 328 

was not observed in the extracted wind data. Instead, this event was characterized by 329 

weaker SW monsoon winds coupled with slightly stronger NE monsoon winds as SW 330 

monsoon winds did not intensify until 2018. 331 

The persistence of the negative phase of the PDO in the last two decades could have 332 

had a greater influence on the climate in the West Philippine Sea. Cold PDO phases 333 

(PDO-negative) and associated La Niña events are known to promote long-term 334 

strengthening of north and northeasterly winds and higher wave energy which in turn can 335 

encourage the southward transport of sediment in both Pag-asa and Lawak islands 336 

similar to that which occurred along the coast of central Vietnam (Marchesiello et al., 337 



Carrillo et al: Running Head of the Study                                                                                                 17 
 

*Corresponding Author: advcarrillo@gmail.com; +69612656020 

2020). Stronger winds associated with the NE monsoon due to prolonged PDO cold 338 

phases and frequent La Niña events could have caused the northern coast of Pag-asa 339 

Island and the eastern coast of Lawak Island to be more prone to erosion. 340 

 341 

Impact of extreme-wave events 342 

The recorded significant wave height for both islands follows a similar pattern. However, 343 

the recorded wave heights for Lawak Island are lower by approximately 0.5 to 1 m (Figure 344 

18). Twelve storm events, recorded to pass within a 500 km radius of Pag-asa and Lawak 345 

Islands, coincided with increased significant wave heights. All these storms formed in the 346 

Pacific and generally traversed the West Philippine Sea from east to west.  347 

Significant wave height data shows that Super Typhoon Rai, locally named Super 348 

Typhoon Odette, caused the highest increase in significant wave height which was 1 m 349 

higher than other storms that have affected the area. In this section, the effects of super 350 

typhoon Odette will only be discussed for Pag-asa Island due to the absence of images 351 

for Lawak Island soon after the typhoon passed. 352 

Figure 19a shows the track of super typhoon Odette as well as the average hourly wind 353 

speed and direction in Pag-asa Island during its passing. Average hourly wind data 354 

(Figure 19b) derived from satellite imagery show that wind speeds during the landfall of 355 

Typhoon Odette over Pag-asa Island on December 18, 2021, reached up to 23 m/s or 356 

44.7 knots. Both the wind vector and wind rose diagrams (Figure 19c) show that wind 357 

direction was predominantly from the northeast, however, the strongest winds came from 358 

the west, south, and east. 359 
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Field observations indicate several meters of erosion on the northern coast based on the 360 

position of structures relative to the shoreline in the February 2022 survey compared to 361 

the April 2021 survey. Overwash deposits were found along the northern coast and the 362 

southwest coast beneath the western runway extension which suggests that storm surges 363 

may have impacted these areas during the typhoon.  364 

In terms of area, Pag-asa Island lost about 0.5 ha of its total land area between March 365 

2021 and February 2022. This loss is mostly along the northern coast since the southern 366 

coast remained relatively stable. The land area of the island continued to decline between 367 

February 2022 and April 2022, this time with both coasts receding. 368 

Shoreline change statistics between May 2021 and February 2022 show that the northern 369 

coast eroded by an average distance of -2.6 m while the southern coast accreted by 8.4 370 

m. Shoreline traces and shoreline change statistics (Figure 20) show that the landward 371 

migration of the shoreline is mostly in Zone C while seaward movement is mostly in Zones 372 

E and F. 373 

Increased wave heights brought by Super Typhoon Odette transported sediment further 374 

inland leading to increased elevation of beach berms around the island. Unfortunately, 375 

beach profiles were not measured before Super Typhoon Odette, however, the presence 376 

of overwash deposits, identified during the field surveys, indicate an increase in beach 377 

elevation after the storm. This increase in elevation caused by extreme events such as 378 

Odette could be beneficial for the island in the long run, given the threat of sea-level rise 379 

and subsidence. 380 
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For Pag-asa Island, to replace the sediments that are now overwash deposits, a new 381 

supply of material from the reef flat is needed. Along the southern coast of Pag-asa Island, 382 

its relative stability could be indicative of pulses of recovery, since it has remained 383 

relatively stable despite the presence of multiple storms in the area throughout the years. 384 

 385 

Sediment budget 386 

The sediment supply for both islands was not quantified in this study, however, previous 387 

studies elsewhere suggest that sediment budget and the pathway of sediments can 388 

dictate whether the island will erode, accrete, or become stable overall. Most of the 389 

sediment in atoll islands come from the reef and reef flat environments (Perry et al., 2011) 390 

while some sediment might be allochthonous and directly transported by high-energy 391 

pulse events (Bonesso et al., 2022; Tuck et al., 2021).  392 

The compounded effect of sea-level rise and subsidence make these islands susceptible 393 

to coastal erosion. Higher sea levels would result in larger waves (Storlazzi et al., 2015) 394 

which can surpass the height of the reef crests protecting the islands, causing erosion. 395 

Based on area growth rates, area growth speeds, and beach widths estimated by Liu et 396 

al. (2020), reef islands within the South China Sea basin have eroded over the past three 397 

decades. However, substantial sediment supply can dampen or offset the sea-level rise 398 

effects (Tuck et al., 2021). A healthy reef would ensure reef accretion which can continue 399 

the reef’s efficacy in attenuating waves before they impact the islands (Villanoy and 400 

Mancebo, 2005). Therefore, keeping the surrounding reef healthy is important in 401 

maintaining the islands. 402 
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During storms, the recovery and the pace of recovery of reef islands are dictated by 403 

sediment fluxes around the reef rim and reef platform surface. Sediment can be made 404 

available to the beach because of the destruction of living corals during extreme-wave 405 

events allowing reef islands to maintain an equilibrium state (Duvat et al., 2017; Ford and 406 

Kench, 2014). Storm-built ridges at the reef-platform edge may influence hydrology on 407 

the reef platform and may dampen wave impact, as a natural process to reduce the effects 408 

of relative sea-level rise. Previous surveys in very similar environments have shown that 409 

most sediment transport and geomorphic changes may happen at the edges of the reef 410 

platform, as e.g. on Carbin Reef during Typhoon Haiyan (Reyes et al. 2015, Coral reefs: 411 

Brill et al. 2016). Projected increases in typhoon intensity may result in a larger sediment 412 

supply during each event, however, increased storm frequency would reduce coral 413 

recovery and growth, thereby reducing the sediment supply and exacerbating erosion 414 

(Tuck et al., 2021). 415 

In the case of Pag-asa and Lawak islands, all the sediments, except those brought in for 416 

the construction of structures in Pag-asa Island, are from the reef and reef flat 417 

environments. In the satellite images, bright stripes from the northern and eastern 418 

portions of the reef crest of Pag-asa Island are sediments being transported by waves 419 

towards the inner reef flat and eventually onto the island (Figure 21). The dark areas are 420 

seagrass meadows that serve both as sediment traps and sources.  421 

 422 

CONCLUSION 423 
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This study explored the different drivers of shoreline change and their effects on small, 424 

low-lying reef islands. Seasonal shifts in wind direction were found to cause shifts in 425 

longshore drift direction for both islands. Long-term trends in climate such as the 426 

interaction between PDO, ENSO, and the East Asian Monsoon were shown to contribute 427 

to long-term trends in shoreline movement while single storm events, such as Super 428 

Typhoon Odette, were shown to transport sediment onshore causing short-term erosion. 429 

Cold PDO phases and associated La Niña events are identified to have influenced 430 

southward transport of sediment in islands making the northern and eastern coasts of 431 

Pag-asa and Lawak Island, respectively, more prone to erosion. In Pag-asa Island, the 432 

runway jutting onto the reef flat modified sediment transport around the island and 433 

contributed to the erosion of the island. Due to the presence of structures, erosion in Pag-434 

asa Island is exacerbated, while Lawak Island is more likely to recover despite 435 

experiencing a fluctuating changes in shoreline position given that the trend of area 436 

change for the island continues at an upward trend. 437 

Given the results of this study, it is recommended that structures constructed on the 438 

islands and similar areas have none to minimal interference with the sediment drift around 439 

the islands. Additionally, sand mining within the vicinity of the islands should be avoided 440 

entirely. A healthy coral reef would also help in providing sediment for the islands and in 441 

attenuating incoming waves. Additionally, to further protect the reefs in the Kalayaan 442 

Island Group, it could be beneficial to establish multiple Marine Protected Areas in the 443 

region. Potential studies on shoreline change in reef islands within the West Philippine 444 

Sea would also benefit from an in-depth examination of the oceanography and 445 
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climatology of the region. Additionally, access to very high-resolution multi-spectral 446 

satellite imagery would improve the accuracy of future studies. 447 
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Table 1. Data source with respective dates of acquisition and calculated uncertainty 568 

values per shoreline for Pag-asa Island. Spatial resolution is retrieved from the Maxar 569 

website (https://discover.maxar.com), data source of Google Earth Pro. 570 

Date of 

acquisition 

Spatial 

Resoluti

on 

(m) 

Digitizing 

Error (m) 

Tidal Error 

(m) GPS 

Error 

(m) 

Total 

Uncertainty (m) 

North South North South North South 

April 22, 

2005 
0.64 0.56 0.40 1.83 1.75   2.39 2.15 

February 

25, 2007 
0.65 1.07 1.02 1.83 1.75   2.90 2.77 

January 8, 

2014 
 1.01 0.82 1.83 1.75   2.84 2.57 

March 4, 

2014 
0.60 0.95 0.58 1.83 1.75   2.78 2.33 

April 28, 

2015 
0.56 1.58 0.75 1.83 1.75   3.41 2.50 

August 17, 

2015 
0.52 0.80 0.61 1.83 1.75   2.63 2.36 

March 6, 

2016 
0.36 1.17 0.53 1.83 1.75   3.00 2.28 

November 

29, 2016 
0.41 0.84 0.52 1.83 1.75   2.67 2.27 
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February 

16, 2017 
0.41 0.95 0.68 1.83 1.75   2.78 2.42 

September 

17, 2017 
0.34 1.33 0.94 1.83 1.75   3.16 2.69 

February 

24, 2018 
0.5 0.59 0.65 1.83 1.75   2.42 2.40 

August 12, 

2018 
 0.78 0.71 1.83 1.75   2.61 2.46 

April 23, 

2019 
0.33 0.57 0.51 1.83 1.75   2.40 2.26 

March 27, 

2021 
0.35 0.66 1.06 1.83 1.75   2.50 2.81 

May 16, 

2021 
0.32 2.04 0.92 1.83 1.75   3.87 2.67 

February 

24, 2022 
   1.83 1.75  3.00 4.83 4.75 

April 9, 

2022 
    1.75  3.00  4.75 

April 11, 

2022 
   1.83   3.00 4.83  

 571 

  572 
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Table 2. Data source with respective dates of acquisition and calculated uncertainty 573 

values per shoreline for Lawak Island. Spatial resolution is retrieved from the Maxar 574 

website (https://discover.maxar.com), data source of Google Earth Pro. 575 

Date of 

acquisition 

Spatial 

Resolutio

n (m) 

Digitizing Error 

(m) 

Tidal Error 

(m) 

Total 

Uncertainty 

March 4, 2004 0.62 0.52 4.12 4.63 

June 11, 2009 0.49 0.63 4.12 4.75 

May 25, 2010 0.50 0.46 4.12 4.58 

March 18, 2011 0.48 0.59 4.12 4.71 

May 29, 2012 0.58 0.62 4.12 4.74 

April 5, 2014  0.42 4.12 4.54 

October 15, 

2014 
0.37 0.54 4.12 4.66 

December 27, 

2014 
0.46 1.44 4.12 5.56 

February 19, 

2015 
0.54 0.55 4.12 4.67 

February 7, 

2017 
0.52 0.71 4.12 4.83 

May 29, 2017 0.51 0.73 4.12 4.85 

November 15, 

2017 
0.44 0.81 4.12 4.93 
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February 20, 

2018 
0.33 0.54 4.12 4.66 

December 7, 

2018 
 0.84 4.12 4.96 

March 19, 2019 0.45 0.61 4.12 4.73 

February 04, 

2021 
 0.75 4.12 4.87 

 576 

 577 

578 
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Table 3. Summary of climate datasets used for this study. 579 

Parameter 
Dataset 

Name 

Spatial 

Resolution 

Temporal 

Resolution 
Source 

Sea level 

anomaly 

Sea level 

gridded data 
0.25° × 0.25° Daily 

Copernicus Climate 

Change Service, Climate 

Data Store 

Significant 

wave 

height 

ERA5 Global 

Atmospheric 

Reanalysis 

0.5° × 0.5° Hourly 

Copernicus Climate 

Change Service, Climate 

Data Store 

Wind 

speed and 

direction 

(2000-

2019) 

Global Ocean 

Wind L4 Near 

Real Time 6 

hourly 

observations 

0.25° × 0.25° Hourly Copernicus Marine Service 

Wind 

speed and 

direction 

(2020-

2022) 

Hourly Global 

Ocean Sea 

Surface Wind 

and Stress 

from 

Scatteromete

r and Model 

0.25° × 0.25° Hourly Copernicus Marine Service 

Tropical 

cyclones 

Best track 

archive 
  

Joint Typhoon Warning 

Center (JTWC) 

PDO 

phases 

Pacific 

Decadal 

Oscillation 

(PDO) index 

 Bi-monthly 

National Centers for 

Environmental Information, 

National Oceanic and 

Atmospheric Administration 
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ENSO 

phases 

Multivariate 

ENSO Index 
 Monthly 

National Centers for 

Environmental Information, 

National Oceanic and 

Atmospheric Administration 

  580 
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Table 4. Beach slope measurements per coast per survey in Pag-asa Island. The values 581 

presented are the mean beach slopes calculated from the beach profiling stations for 582 

February 2022 and April 2022 surveys done in Pag-asa Island. 583 

Month North South 

February 23.9° 28.7° 

April 23.7° 22.3° 

September 23.7° 20.7° 

 584 

 585 

 586 

 587 

 588 

 589 
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 590 

Figure 1. Location map of the (a) Kalayaan Island Group, (b) study sites and islands (c) 591 

Pag-asa and (d) Lawak. The yellow dots in panel c are the locations where beach slopes 592 

are measured. (Basemap source: Bing VirtualEarth, Map data © 2023 Microsoft) 593 

  594 
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 595 

Figure 2. Illustration of the Emery Rod method and measurement of beach slope and 596 

beach width. 597 

 598 

 599 

 600 

 601 

 602 

 603 

 604 

 605 



Carrillo et al: Running Head of the Study                                                                                                 37 
 

*Corresponding Author: advcarrillo@gmail.com; +69612656020 

 606 

Figure 3. Summary of the workflow used for shoreline change analysis. 607 

 608 

 609 

 610 

 611 

 612 

 613 
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 614 

Figure 4. Man-made structures (a) used as reference for relative shoreline movement. 615 

Photos were taken in April 2021 (b, d) and February 2022 (c, e). The broken white lines 616 

show the waterline during the time the images were taken. 617 

 618 

 619 

 620 
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 621 

Figure 5. Various indicators of erosion such as (a) exposed plant roots, (b) uprooted 622 

trees, (c) beach scarps, (d) concentration of gravel sized sediments, (e) washed up 623 

deposits of plant debris, and (f) steel pilings showing where the shoreline should have 624 

been for Pag-asa Island.  625 

 626 
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 627 

Figure 6. Transect locations and shoreline change statistics calculations in meters for 628 

Pag-asa Island. Net Shoreline Movement (NSM), End Point Rate (EPR), and Linear 629 

Regression Rate (LRR) were then calculated using the Digital Shoreline Analysis System 630 

(DSAS), an add-in to Esri ArcGIS desktop. NSM measures the distance between the 631 

oldest and youngest shorelines for each transect in meters, EPR is the distance between 632 

the oldest and youngest shoreline divided by the time elapsed between the two shorelines 633 

and LRR is determined through fitting a least-squares regression line to all shoreline 634 

points for a transect (Himmelstoss et al., 2018). The numbers on the right side of each 635 

panel are averages in meters. (Basemap source: Bing VirtualEarth, Map data © 2023 636 

Microsoft) 637 
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 638 

Figure 7. Area change calculations for Pag-asa Island. The green line is the total area 639 

change, the pink line is for the southern coast while the blue line is for the southern coast.  640 

 641 

 642 

 643 

 644 

 645 

 646 

 647 

 648 

 649 
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 650 

Figure 8. Transect locations and calculated shoreline change statistics in meters for 651 

Lawak Island. T Net Shoreline Movement (NSM), End Point Rate (EPR), and Linear 652 

Regression Rate (LRR) were then calculated using the Digital Shoreline Analysis System 653 

(DSAS), an add-in to Esri ArcGIS desktop. The numbers on the right side of each panel 654 

are averages in meters. (Basemap source: Bing VirtualEarth, Map data © 2023 Microsoft) 655 

 656 

 657 

 658 

 659 

 660 

 661 
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 662 

Figure 9. Area change calculations for Lawak Island. 663 

 664 

 665 

 666 

 667 

 668 

 669 

 670 

 671 
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 673 

Figure 10. The wind rose diagrams for Pag-asa Island (a,c) and Lawak Island (b,d) 674 

constructed from hourly wind data between 2000 and 2022 (Data Source: Copernicus 675 

Marine Service). 676 

 677 

 678 

 679 

 680 
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 681 

Figure 11. Seasonal shoreline position changes for Pag-asa Island. The red broken lines 682 

show shoreline traces during the NE monsoon while the green broken lines show 683 

shoreline traces during the SW monsoon (Basemap source: modified from 684 

OpenStreetMap). 685 

 686 

 687 

 688 

 689 
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 690 

Figure 12. Seasonal changes in the shoreline position of Lawak Island. (Basemap 691 

source: OpenStreetMap) 692 

 693 

 694 

 695 

 696 

 697 

 698 
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 699 

Figure 13. Wave refraction patterns and longshore drift along the coast of Lawak Island 700 

during the (a) Northeast Monsoon and (b) Southwest Monsoon. (Basemap source: 701 

Google Earth Pro, Map data © 2023 Maxar Technologies) 702 

 703 

 704 
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 705 

Figure 14. Wave refraction and longshore drift patterns along the coast of Pag-asa Island 706 

before port and harbor construction. The images were taken during the (a) Northeast 707 

Monsoon and (b) Southwest Monsoon. (Basemap source: Google Earth Pro, Map data © 708 

2023 Maxar Technologies). 709 

 710 
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 711 

Figure 15. Wave refraction patterns and longshore drift along the coast of Pag-asa Island 712 

after port and harbor construction. The image was taken during the Northeast Monsoon. 713 

(Basemap source: Google Earth Pro, Map data © 2023 Maxar Technologies) 714 
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 722 

Figure 16. Longshore drift around Pag-asa Island during different seasons with (a) and 723 

(b) without structures. The broken lines represent the boundaries between the reef flat 724 

and the lagoon (blue) and the lagoon and the open ocean (orange). The red arrows show 725 

longshore drift direction during the Northeast Monsoon while the orange arrows show 726 

longshore drift direction during the Southwest Monsoon (Basemap source: modified from 727 

OpenStreetMap). 728 
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 735 

Figure 17. Multivariate ENSO Index (MEI) (a) and Pacific Decadal Oscillation Index 736 

(PDO) (b) between 2000 and 2022 (Data Source: National Centers for Environmental 737 

Information, National Oceanic and Atmospheric Administration (https://psl.noaa.gov)) 738 
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 746 

Figure 18. Peaks in significant wave height are possibly associated with storm events. 747 

(Data Sources: Copernicus Climate Change Service, Climate Data Store, Joint Typhoon 748 

Warning Center) 749 
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 759 

Figure 19. Tracks of Super Typhoon Odette (a) and associated wind vector (b) and wind 760 

rose diagram (c) showing wind vectors which represent the speed (length of the arrow) 761 

and direction (direction of the arrow of wind) between December 11 to 21, 2021 (Basemap 762 

source: Bing VirtualEarth, Map data © 2023 Microsoft). 763 
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 764 

Figure 20. Net shoreline movement (NSM) for Pag-asa Island between May 2021 and 765 

February 2022 or the period before and after Super Typhoon Odette. Zones A-E are along 766 

the northern coast of Pag-asa Island while Zone F is along the southern coast. Zones A 767 

and B were excluded since these areas were affected by port construction. 768 
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 776 

Figure 21. Google Earth Image of Pag-asa Island showing white streaks of sediment 777 

traversing the reef flat from the reef crest towards the island. The tracks of sediment are 778 

most likely hidden by the seagrass beds (Image source and date: Google Earth Pro 779 

(2023), Maxar Technologies, November 29, 2016). 780 


