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Abstract  
 

Rapid extension of a sand spit owing to high-angle wave 

instability was observed along the convex shoreline in the 

vicinity of Santo Tomas located on the bottom of Lingayen Gulf 

in the Philippines. Shoreline changes around groins were 

investigated using satellite images together with field 
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observation in February 2018. Observed shoreline changes were 

reproduced by a numerical simulation using the BG model (a 

model for predicting 3-D beach changes based on Bagnold’s 

concept). Predicted and observed results were in good 

agreement. 
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Introduction  
 

On an ordinary coast, the wave angle relative to the direction 

normal to the shoreline is as small as ±20°. In a bay with a 

slender shape, however, waves may be obliquely incident to the 

direction normal to the coastline at a large angle of over 45°. 

Under this condition, a small shoreline perturbation may develop 

owing to high-angle wave instability [1, 2]. Lingayen Gulf, 

located 150 km north of Manila in the Philippines, satisfies this 

condition because of its slender shape [3]. This gulf faces the 

South China Sea, and unidirectional longshore sand transport 

prevails along the shoreline. Because villages are located along 

coastlines with such conditions, measures using groins have been 

carried out to protect villages. However, not only the phenomena 

that are normally observed after the construction of the groins, 

namely, accretion upcoast and erosion downcoast of the groins, 

but also the development of a sand spit turning around the tip of 

the groin were also observed. In this study, the shoreline changes 

around the groins constructed in this area were investigated 

using satellite images of the convex shoreline near Santo Tomas 

located at the bottom of Lingayen Gulf, as shown in Figure 1, 

together with the investigation of the shoreline changes around a 

sand spit. Also, field observation was carried out on 23 February 

2018. Through this study, beach changes when groins were 

constructed under a high-angle wave condition with the 

development of a sand spit were analyzed. Then, the elongation 

of a sand spit downcoast of the groins was predicted using the 

BG model (a model for predicting 3-D beach changes based on 
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Bagnold’s concept) [4]. Part of this study was published in Uda 

and Serizawa [5]. 

 

 
 
Figure 1: Location of Lingayen Gulf in the Philippines. 

 

General Conditions of Study Area in Lingayen 

Gulf  
 

Lingayen Gulf is a slender bay of 44 km width and 58 km length 

with an aspect ratio of 1.3 and faces N20°W [3]. The west coast 

of the gulf is composed of a complicated coastline with many 

islands and headlands, as shown in Figure 1, whereas alluvial 

fans develop on the east coast of the gulf. At the north end of the 

gulf, a headland extends at San Fernando, and the Balili River, 

with a catchment area of 518 km2, flows into the gulf at a 

location 9.6 km south of this headland, as does the Aringay 

River, with a catchment area of 405 km2, at a location 24 km 

south of the Balili River, forming protruded river deltas. 

Furthermore, a sand spit extends at Santo Tomas 18 km south of 

the Aringay River mouth.  

 

Much sediment that originates from the mountains to the east 

coast of Lingayen Gulf has been supplied by the two rivers, 
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enhancing the formation of sandy beaches downcoast of the river 

mouths. Lingayen Gulf, however, has a slender shape, and waves 

incident to this gulf from the South China Sea propagate almost 

parallel to the direction of the mean coastline, so shoreline 

undulation may develop owing to the high-angle wave 

instability. To investigate the shoreline changes attributable to 

this mechanism, beach changes in a rectangular area near Santo 

Tomas, as shown in Figure 1, were studied. Figure 2 shows an 

enlarged satellite image of this area with three subdivided areas 

covering Agoo, La Union, Cabaruan, and a sand spit extending 

south of Narvacan. West of Santo Tomas, a wetland of 4.5 km 

length covered by ridges along the coastline extends from Agoo, 

La Union, and its direction gradually rotates clockwise, while 

smoothly converging on the present shoreline. This finding 

explains that sand transported by southward longshore sand 

transport is being deposited in the lowland, resulting in the 

gradual shoreline advance. Furthermore, after the shoreline 

protruded westward near Agoo, La Union, a concave shoreline 

was formed at L1, L2, and L3 in Figure 2, and a sinusoidal 

shoreline with wave lengths of 3.0 km between L1 and L2, and 

2.7 km between L2 and L3 was formed. 

 

 
 
Figure 2: Study areas (Agoo, La Union, Cabaruan, and Narvacan) selected 

from the vicinity of Santo Tomas on the bottom of Lingayen Gulf. 
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Beach Changes around Agoo, La Union 
 

Figure 3 shows a satellite image of the village of Agoo, La 

Union, the rectangular area in Figure 2, taken on April 15, 2017. 

A coastal road extends along the coastline with scattered houses 

alongshore. To protect the village against beach erosion, nine 

groins were constructed, as shown in Figure 3, and a zigzag 

shaped shoreline was formed with respect to these groins. This 

shoreline form clearly indicates the predominance of southward 

longshore sand transport in this area. Then, the shoreline form in 

the vicinity of the groins was investigated in the rectangular area 

in Figure 3. An enlarged satellite image of this area is shown in 

Figure 4 together with the location of Sts. 1–5 where the site 

photographs were taken at in the field observation on 23 

February 2018. The observation area is in the vicinity of stone-

made Groin Nos. 4 and 5 with 50 m length and 100 m intervals. 

 

 
 
Figure 3: Shoreline protected by nine groins in Agoo, La Union. 
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Figure 4: Enlarged satellite image of rectangular area shown in Figure 3, and 

locations where site photographs were taken. 
 

Photo 1 shows a photograph at St. 1 in the vicinity of Groin No. 

4, facing the south. Because of the obstruction of southward 

longshore sand transport by this groin, the downcoast beach had 

a narrow width. Although Groin No. 4 had a crown height of 

approximately 2 m, part of the southward longshore sand 

transport may pass over the crown of the groin under storm wave 

conditions, because the heights of the nearby beaches are almost 

equal to their crown heights. When looking north from the same 

location, the shoreline receded northward and almost no 

foreshore remained near Groin No. 3 (Photo 2). Photo 3 shows 

Groin No. 5, taken at St. 3 in the middle between Groin Nos. 4 

and 5. The tip of Groin No. 5 approximately coincided with the 

shoreline position, and the beach elevation at the foot of the 

groin was the same as that of the crown height. Photo 4 shows 

Groin No. 4, taken at St. 4, facing north. The shoreline receded 

to the foot of Groin No. 4. Thus, the shoreline configuration 

between the groins clearly showed the characteristics formed 

under the condition that waves were incident from the northerly 

direction. At St. 5 in the middle between Groin Nos. 4 and 5, the 

foreshore slope was measured to be 1/7.7 and the berm height 

(hR) was 2.04 m above mean sea level (Photo 5). 
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Photo 1: Beach condition around Groin Nos. 4 and 5 in Agoo, La Union, 

facing south. 
 

 
 

Photo 2: Beach condition downcoast of Groin No. 3 in Agoo, La Union, facing 

north. 
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Photo 3: Beach condition at St. 3 on north side of Groin No. 5. 

 

 

 
 

Photo 4: Beach condition at St. 4 on south side of Groin No. 4. 
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Photo 5: Measurement of foreshore slope and berm height at St. 5. 

 

Topographic Changes around Cabaruan  
 

A rectangular area covering the Cabaruan area shown in Figure 2 

was selected, and the shoreline changes were investigated using 

the satellite images of the area, taken six times between March 

2010 and April 2017. In each figure, the locations of Sts. 6–8, 

where photographs were taken in the field observation are also 

shown. First, Figure 5(a) shows a satellite image near Cabaruan, 

taken on 15 March 2010. Until 2010, 19 groins of 20 m length 

composed of large boulders had been constructed on the coast, 

but almost all groins were buried under the sandy beaches. 
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Figure 5(a): Shoreline configuration in Cabaruan measured on 15 March 2010. 

 

Figure 5(b) shows a satellite image taken on 27 October 2013. In 

this figure, oblique wave incidence to the direction normal to the 

shoreline can be clearly identified, and the direction normal to 

the wave crestline can be read to be S52°E at point P 740 m 

offshore of point A set on the coastline. Since the mean direction 

of the straight shoreline upcoast of point A is S17°E, the wave 

angle relative to the direction normal to the shoreline becomes 

55°, satisfying the condition of high-angle wave instability that 

occurs when the wave angle is greater than 45°. Figure 5(c) also 

shows a satellite image taken on 28 February 2015, When 

comparing Figures 5(a) with Figure 5(c), taken in 2010 and 

2015, respectively, the shoreline downcoast of Groin B receded 

with no foreshore.  
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Figure 5(b): Shoreline configuration in Cabaruan measured on 27 October 

2013. Waves are obliquely incident relative to the direction normal to the 

shoreline at a large angle; high-angle waves. 

 

 
 

Figure 5(c): Shoreline configuration in Cabaruan measured on 28 February 

2015. 
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By 11 November 2016, a sandbar of 440 m length had extended 

alongshore from Groin B located at the south end of the groins 

with wave breaking over the sandbar (Figure 5(d)). Then, a 

sandbar of 540 m length had extended immediately south of 

groin B by 16 February 2017, while enclosing a slender, 

triangular lagoon of 324 m length (Figure 5(e)). Furthermore, the 

length of the sandbar reached 670 m and the sandbar width 

increased until April 15, 2017 (Figure 5(f)). 

 

 
 

Figure 5(d): Shoreline configuration in Cabaruan measured on 11 November 

2016. A sandbar started to form in the shallow water area downcoast of groin 

B. 
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Figure 5(e): Shoreline configuration in Cabaruan measured on 16 February 

2017. A barrier with a lagoon inside extended over the tip of groin B owing to 

southeastward longshore sand transport. 

 

 
 

Figure 5(f): Shoreline configuration in Cabaruan measured on 15 April 2017. 

A sand spit attached downcoast, leaving a lagoon inside: formation of a barrier 

island. 
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The coastal conditions at Sts. 6–8 shown in Figure 5 are shown 

in Photos 6–8. At St. 6, a destroyed fence of a house remained 

near the coastline, and a stone-made dike extended toward the 

destroyed house (Photo 6). Taking into account the fact that St. 6 

was located on the shoreline in all satellite images taken before 

28 February 2015 and was exposed to waves, the stone-made 

dike was assumed to be constructed as a measure against 

erosion. However, in the field observation on 23 February 2018, 

the offshore sandbar was visible, as in Photo 6, and a barrier 

island with a lagoon inside, as shown in Figure 5(f), was actually 

confirmed. Similarly, a wide sandy beach extended offshore of 

the stone-made dike near St. 7 (Photo 7). There was almost no 

sandy beach at St. 7 on 28 February 2015, as shown in Figure 

5(c). However, a foreshore of 83 m width was formed until 16 

February 2017, as shown in Figure 5(e), indicating that Photo 7 

shows the newly formed sandy beach. In addition, a sandy beach 

with a berm of approximately 2 m height extended alongshore at 

St. 8 (Photo 8). From these findings, it is concluded that the 

shoreline rapidly advanced and the beach width was widened at 

St. 8 owing to the supply of sand turning around the tip of the 

groin, because St. 8 was located in the sea until 11 November 

2016, as seen in Figure 5(d).  
 

 
 

Photo 6: Destroyed fence of a house at St. 6 and newly constructed stone-made 

dike. 
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Photo 7: Stone-made dike extending southward from St. 7. 

 

 
 

Photo 8: Shoreline at St. 8, facing north. 
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In Cabaruan, longshore sand transport turned around the tip of 

the groin, and a sand spit rapidly extended within three months 

between 11 November 2016 and 16 February 2017 (Figures 5(d) 

and 5(e)). To investigate these beach changes in detail, an 

enlargement of the rectangular area in Figures 5(d) and 5(e) is 

shown in Figure 6. The sandbar extended from the tip of the 

groin located at the south end while enclosing a lagoon, and the 

width of the lagoon gradually decreased southeastward, and 

disappeared at a location 315 m distant from the groin. These 

topographic changes clearly indicate that this barrier island was 

formed by the longshore extension of a sand spit. 
 

 
 

 
 

Figure 6: Enlarged shoreline configuration before and after elongation of a 

sand spit. 



Earth and its Atmosphere: 2nd Edition 

17                                                                                www.videleaf.com 

Prediction of Elongation of a Sand Spit over a 

Groin  
 

Serizawa et al. [6] carried out a numerical simulation of the 

extension of a sand spit around a groin constructed on a coast 

satisfying the condition of high-angle wave instability using the 

BG model. Here, the BG model (Type 4) described by Uda et al. 

[4] was employed to reproduce the beach changes in Cabaruan. 

First, the wave incidence angle in Cabaruan was estimated to be 

55° from the shape of the wave crest line at point P located 740 

m offshore of point A, as discussed regarding Figure 5(b). The 

initial bathymetry was assumed to be a model topography 

because bathymetric survey has not been carried out in 

Cabaruan. During the period between 11 November 2016 and 16 

February 2017, a sand spit rapidly elongated owing to longshore 

sand transport over the tip of the groin, and beach changes in 

other areas except the sand spit were minimal. So, the model 

beach with a uniform profile ranging in the depth zone between 

the berm height (hR) and the depth of the closure (hc) was set up 

on the upstream end on a solid bed, as shown in Figure 7, with 

sand being supplied from the upcoast boundary between hR and 

hc, and subsequent beach changes due to wave action were 

predicted.  

 

 
 

Figure 7: Results of numerical simulation of development of a sand spit 

turning around groins. 
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hR can be approximated as 2 m on the basis of the measured 

value of 2.04 m, as determined from Photo 5. hc can be 

approximately given as three fold of hR as an empirical 

relationship [7], so it becomes 6 m. Furthermore, a solid flat bed 

with the depth of hc was assumed in the offshore zone. The 

foreshore slope was assumed to be the measured value of 1/10. 

The beach material was composed of fine and medium-size sand 

with a foreshore slope of 1/10, so the equilibrium slope was 

assumed to be 1/10. The initial shape of the coastline was 

determined from Figure 6, and a seawall was set along the 

coastline together with eight groins of 490 m length at 90 m 

intervals. Incident wave height was assumed to be 2 m, which is 

equal to the berm height, and wave period was assumed to be 8 

s. Waves were assumed to be incident from the clockwise 

direction of θ = 55°. The wave field was calculated using the 

energy balance equation. The calculation was carried out up to 

3×104 steps, where 104 steps correspond to 0.9 years. The other 

calculation conditions are shown in Table 1. 
 

Table 1: Calculation conditions.  

 
Wave conditions Incident waves: HI = 2 m, T = 8 s, wave direction 

θI = 55° relative to x-axis 

Berm height hR = 2 m 

Depth of closure hc = 6 m 

Equilibrium slope tanβc = 1/10 

Coefficients of sand 

transport 

Coefficient of longshore sand transport Ks = 0.01 

Coefficient of Ozasa and Brampton term 

K2=1.62Ks 

Coefficient of cross-shore sand transport Kn = Ks 

Mesh size Δx = Δy = 10 m 

Time intervals Δt = 0.8 h 

Duration of calculation 3.2×104 h (4×104 steps)  

Boundary conditions Shoreward and landward ends: qx = 0 

Right and left boundaries: dqy /dy= 0 

Lower right corner of beach edge: dqx /dx= 0 or 

dqy /dy =0 

 

Figure 7 shows the results of the calculation. Because waves are 

obliquely incident from the clockwise direction at an angle of 

55°, leftward longshore sand transport developed, and sand 

supplied from the north boundary was deposited while forming a 

sand body, which moved southward over the tips of the groins. 
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There is a gap between the tip of the groin and the downcoast 

shoreline at the groin located at the south end, so a slender sand 

spit elongated southward while leaving a lagoon behind it. A 

barrier island was formed after the elongation of the slender sand 

spit. These results and the measured changes shown in Figure 6 

are in good agreement. 

 

Conclusions  
 

Offshore of the coast of Santo Tomas located on the bottom of 

Lingayen Gulf, the wave angle relative to the direction normal to 

the shoreline was as large as 55°, satisfying a high-angle wave 

incidence condition. On such a coast, many groins have been 

constructed to protect houses near the coastline against erosion. 

In the surrounding areas of these groins, the normal condition 

that the shoreline advances upcoast, and recedes downcoast was 

observed when the wave incidence angle was small. However, 

under the high-angle wave incidence condition, it was found that 

longshore sand turned around the tip of the groin, and a slender 

sand spit rapidly elongated, forming a barrier island with a 

lagoon inside. This result was explained by a numerical 

simulation using the BG model under a high-angle wave 

incidence condition. 

 

Near Narvacan the rate of longshore sand transport was 

estimated to be 1.3×105 m3/yr in the previous study [3]. Under 

the condition of much longshore sand transport, it is difficult to 

stabilize the shoreline between the groins, even if short groins 

have been constructed, and the sandy beach will be widened only 

when a sand body reaches a groin, but the beach width gradually 

decreases and the seawall is exposed to waves when the sand 

body is moved downcoast. If the coastal land is an undeveloped 

area, these variations could be acceptable as a natural variation. 

However, this is not the case in Lingayen Gulf, because houses 

have already been densely built along the coastline. To maintain 

a sandy beach, beach nourishment using fluvial material should 

be carried out to supply sand from the upcoast. The nourishment 

sand will be carried downcoast over the long term, and sandy 

beaches can be maintained downcoast. 
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