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Abstract
An in-depth study on effect of infragravity wave’s oscillations on shoreline morphodynamics was carried out to 

determine its implications on formation, development and destruction of beach cusps at Ibeno beach along a strand 
coastal plain sand in southeastern Nigeria. Detail analysis of field data acquired over a neap-spring tidal phase a strand 
that infragravity wave’s oscillations frequencies ranged from 0.0322 to 0.0067Hz. The effects on the shoreline were 
classified according to the order of harmonic frequencies spectra of wave swash patterns: First, Second, Third and 
Fourth Harmonics Frequencies respectively. However, it was noted that wave swash of the first harmonics infragravity 
waves frequencies with the highest spectral energy index (SEI), which ranged from 0.5 to 1.0, formed the bays and 
displaced sediment from the centre of the bays to the rims of the wave swash which developed into horns. Whereas, 
backwash processes transported sediment seaward from the centre of the bays and formed a depression accordingly. 
Moreover, the second and third harmonics infragravity wave’s frequencies broadened the bays. However, interference 
of the fourth harmonic infragravity waves frequencies with the fifth harmonic (gravity) waves frequencies (0 - 0.033Hz) 
generated oscillatory and turbulent motions which sorted and winnowed sediments in the bays. While sediment 
displaced from two adjacent bays converged to form the horn between two bays. Averaged beach cusps wavelength 
increased and fluctuated between 38.50 and 44.30m. On the other hand, the first harmonic waves frequencies were 
also observed to be responsible for the destruction of beach cusps during flood tide. Result of beach profile surveys 
at the horns and bays locations within the studied transect generally showed erosion which is an indication of the fact 
that beach cusps formation is independent of beach volumetric change.
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Introduction
Beach cusps are crescent and sinusoidal geomorphic depressions 

on sandy beaches. Topographic development of shoreline into beach 
or swash cusps is a complex nearshore wave breaking phenomenon 
and can be attributed to standing infragravity edge waves in which 
infragravity energy must be in the form of a narrow spectral peak with 
one edge wave mode [1]. Swash cusps configured the beach through the 
processes of erosion and accretion into bays and horns [2]. Several field 
studies in the past such as Short [3] and Wright et al. [4] had attempted 
to establish the relationship between infragravity waves and beach 
morphology but unable to identify the type of infragravity energy that 
could be a prime factor in beach morphodynamics. Moreover, several 
works such as Bowen and Inman [5], Guza and Bowen [6], and Guza 
and Thornton [7] have suggested that edge waves are a factor in the 
formation of beach cusps. 

Inman and Guza [2] genetically classified beach cusps into surf 
zone cusps and swash cusps. The surf zone cusps are formed by the 
currents of the nearshore circulation which configured the beach in 
the order of surf zone width. Swash cusps are formed by the waves 
swash and backwash acting directly on the beach face and berm. 
‘Swash cusps scallop the beach into regular forms of horns and 
bays with wavelengths typically ranging from a few centimeters to 
about 75m, but otherwise do not change the overall alignment of 
the beach’. Swash cusps are most common on reflective beaches 
where the incident waves produce a substantial surge of swash up 
the beach face. The superposition of swash on incoming waves with 
the motion of sub-harmonic edge waves produced a systematic 
variation in runup height along the beach face which in turn 
produced a periodic erosional perturbation [2].
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Moreover, as Bowen and Inman [1], Guza and Bowen [6] 
attributed the formation of beach cusps to edge waves; Inman and 
Guza [2] defined edge waves as longshore periodic gravity waves which 
can be excited by wind generated waves which impinged on a beach. 
According to Eckart [8] the longshore wavelength, Le, and period, Te, 
are related thus:

Le = (g/2π) T2e (2n+1) tanβ                 (1)

Where g is the gravity and n=0, 1, 2 etc., is the mode number. The 
most easily excited edge wave, and the one with the largest amplitude, 
is of mode zero (n=0) and is a sub-harmonic of the incident wave, i.e 
the edge wave has a period twice that of the incident wave, Te =2Ti, 
where Ti is the incident wave period. 

Inman and Guza [2] assumed that the wavelength of cusps 
generated by edge waves is equal to the longshore separation between 
runup maxima of the incident edge wave interaction that formed 
the initial perturbation along the beach face. Based on the above 
assumption, the cusps wavelength is equal to one-half of the wavelength 
of a sub-harmonic edge wave (λe=Le/2), and is equal to the wavelength 
of a synchronous edge wave (λ=Le). Therefore, the cusps wavelength 
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associated with zero mode sub-harmonic and synchronous edge waves 
will be given as:

λe =Le/2=(g/n)T2i tan β, sub-harmonic                (2)

λe =Le =(g/2n) T2i tan β, synchronous                 (3)

Where λe is the cusp wavelength measured longshore between 
cusp apexes [2]

It is quite obvious that cusp wavelength can be predicted 
mathematically using the above equations but Dean and Maurmeyer 
[9] noted discrepancies between predicted cusp wavelength and field 
measurement. It was observed that predicted cusp wavelength was 
greater than the observed data in the field and attributed to non- planar 
beach geometry. They had difficulties in accepting edge waves as the 
causative factor of beach cusp.

But Antia [10] attributed the development and prevalence of beach 
cusps on Nigerian beaches as a function of beach morphodynamic 
state, foreshore slope, swash actions and grain-size characteristics of 
the beaches. Antia [10] asserted that beach cusps played passive role 
in morphodynamic adjustment of dissipative beaches. It tends to 
develop during mild coastal condition indicative of seasonal influence 
and reflective beach state. Moreover, beach cusps seem to form best 
on beaches that range in sediment size from fine sand to shingle [11].

 Beach cusps are called cusplets if the spacing is less than 1.5m 
or cusps if the spacing is between 1.5m and 25m [12]. However, 
the findings of Antia [11] revealed that cusps developments and 
disappearances on sandy beaches along Nigeria coastline have no 
significant relationship with the direction of beach volumetric change. 
In fact, the origin of beach cusps is still not well known. Nevertheless, 
several theories have been proposed to explain the origin of beach 
cusps. For example, Evans [12] attributed beach cusp development to 
erosional process while Inman and Guza [2] attributed to the actions of 
wave swash and backwash on beaches as well as nearshore circulation 
system in the surf-zone.

Furthermore, knowledge gained from the studies of beach cusp 
phenomenon has been applied by many investigators in assessment 
and management of beach erosion and accretion processes [3,5,11,13-
16]. Although the above studies were either theoretical or quantitative 
however Eliot and Clarke [17] carried out a quantitative but time 
limited study of cusps dynamics and beach response during a storm 
event and its associated impact on the beach face of a sheltered sandy 
beach. Also, Antia [11] noted in his study on cusps development and 
beach dynamics that 22 and 30% of volumetric erosion and accretion 
rates respectively were evident during the cusps existence phase than 
extinction phase.

Therefore, this work attempts to establish the role of infragravity 
waves on formation, development and destruction of beach cusps and 
its implications on morphodynamic variability of the shoreline, east 
of Qua Iboe river estuary, at the coastal plain sand in the southeasten 
Nigeria. 

Study Area
The downdrift shoreline adjoining Qua-Iboe River Estuary is located 

in Ibeno Local Government Area of Akwa Ibom State, southeastern 
coast of Nigeria (Figure 1). The shoreline is a mesotidal tropical sandy 
beach exposed to semi-diurnal tides and southwesterly waves with 
amplitude less than 20cm, which is associated with southwesterly wind 
conditions, which vary annually from calm (November-February) 
through transitional (February-April) to storm weather conditions ( 

May-October) [18]. Modal wave periods close to the shore are 8 to 12s. 
Longshore current velocities along the ocean shoreline ranged from 50 
to 125cm/s east with periodic reversals to the west at the downdrift 
beach contiguous to the estuary mouth due to changes in tidal stage 
[19]. The shoreline represents an exposed section of the abandoned 
beach ridges laterally bounded by mangrove swamps of the lower 
Deltaic Plain of Holocene age. It is underlain by Sombreiro-Warri 
Deltaic Plain Sand of late Pleistocene [20]. The beach is texturally 
homogeneous with predominantly well sorted fined-grained sand [21].

Materials and Methods
The study covered a period of seven days from August 24 (neap 

tide) through 30 (spring tide) in 2015. The main monitoring station 
for this study was established at 500m location at a bay between two 
beach cusps at Station X3 (Figure 1) with the following geographic 
coordinates: Longitude 70 591.4011 E and Latitude 40 321 3011 N. 
However, a total of five consecutive beach profile stations, three at 
the bays and two at the horns were established within a-100m wide 
study transect at the shoreline and denoted as stations X1, X2, X3, 
X4 and X5. Full monitoring of field parameters within fifteen (15) 
minutes intervals per hour were made on the days of neap and spring 
tides respectively. These parameters included wave breaker height and 
water depth, current velocities, breaker types, wave swash frequencies, 
beach profiles, etc. Daily beach profiles were made at the stations over 
a neap-spring tidal phase, while linear beach profile measurements 
were converted to beach volumetric change. Details of wave swash 
oscillations spectra and other hydrodynamic parameters at the stations 
are presented in Udo-Akuaibit [22].

Result and Discussion
Beach cusps parameters

Upper level beach cusps were prevalent at the study area. Cusps 
wavelengths varied between 38 and 44m. Swash length varied and 
increased from 10 to 70m. Beach foreshore slope ranged from 1 to 
50. Net beach sediment volumetric changes were -1.43m3 -1.84m3, 
-1.54m3,-2.68m3 and -1.89m3 at stations X1, X2, X3, X4 and X5 
respectively (Figures 2a, b, c, d and e). Beach profile results showed 
that the 100m wide study transects generally experienced erosion. The 
stations X1, X3 and X5, being the bays, recorded a higher degree of 
erosion than stations X2 and X4 being the horns. Infragravity waves 
spectrum filtered into frequency groups of first (0.0082-0.0067Hz), 
second (0.0110-0.0083Hz) third (0.0164-0.0111Hz) and fourth 
(0.03225-0.0166 Hz) harmonics as well as the fifth harmonic (gravity) 
waves frequencies (0 - 0.033Hz) as shown in Figures 3a and b [22] 
played significant role in the formation, development and destruction 
of beach cusps at the study area.

Formation of beach cusps

It was observed in the field that wave swash of the first harmonics 
(0.0082-0.0067Hz) infragravity waves frequencies with the highest 
spectral energy index (SEI) range from 0.5 to 1.0 as shown in Figures 
3a and b [22] formed the beach cusps in which the shapes represented 
the wave swash geometry on the beach face. So, as the southwesterly 
waves, parallel to the shoreline, propagated towards the east like edge 
waves, wind generated infragravity and gravity waves transformed 
northward towards the shoreline, across the southwesterly waves, 
which at breaking, mostly plunging breakers, produced wave swash 
which configured the beach surface into cusp-like shape at a regular 
interval on the upper foreshore -berm region (Figure 4a). The cusps 
wavelengths synchronized with that of the southwesterly waves. It 
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Figure 1: Google map of the study area showing monitoring station [X].
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Figure 2a: Beach Profile Surveys at Station X1.
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Figure 2b: Beach Profile Surveys at Station X2.
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Figure 2c: Beach Profile Surveys at Station X3.
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Figure 2d: Beach Profile Surveys at Station X4.
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Figure 2e: Beach Profile Surveys at Station X5.
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Figure 3a: Analysis of Wave Swash Spectra at Spring tide.
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Figure 3b: Analysis of Spectral Energy Index at Spring tide.

was also observed that the cusps bay opened and aligned to the crest 
of the shore parallel southwesterly waves in the surf zone while the 
horns pointed towards the trough of the southwesterly waves. The 
beach cusps formed sequentially in the order of stations X1, X2, X3, X4 
and X5 respectively, towards the east in the direction of propagation 
of southwesterly waves in the surf zone. The second harmonic wave 
frequency swash preceded wave swash processes of the first harmonic 
waves group in the formation of beach cup. 

Development of beach cusps

The development of beach cusps is controlled by the third and 
fourth harmonics infragravity waves swash processes. Waves swash of 
the first and second harmonics waves frequencies formed the beach 
cusps, while the third harmonic wave spectrum developed the cusps 
formed by the first harmonics. The interferences and superposition of 

wave’s swash of the third harmonics wave frequencies with and over 
the backwashes of the first and second harmonics generated turbulent 
and oscillatory motions at the centre of the bay at the mid foreshore. 
Sediment transported by the backwash of the first and second 
harmonics from the bays to mid foreshore generated turbulence in 
which the sediment is transported as undertow to the sea and /or 
alongshore by longshore currents forming a shallow depression at the 
centre of the bay (Figure 4b). The fourth harmonics waves inundated 
and developed the cusps through continuous swash and backwash 
actions. The interference of the backwash of the third harmonics with 
the wave swash of the fourth and fifth harmonics waves during mid-
flood to high tide winnowed sediment and consolidated the cusps 
surface area. However, during ebb tide, the cusps surfaces are exposed 
by the impact of the first harmonics. It is the swash impact of the first 
harmonics that formed the cusp during flood tide and the last to impact 
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Figure 4a: Schematic diagram showing beach cusp dynamics: Swash scenario.

 

Figure 4b: Schematic diagram showing beach cusp dynamics: Backwash scenario.

 

Figure 4c: Schematic diagram showing beach cusp dynamics: Low tide scenario.
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on the cusp surface during ebb tide forming the cusps final crescent 
shape which depicted the geometry of the wave swash. The impact of 
the waves swash on the beach surface transported sediment from the 
centre of the swash and deposited at the landward fringes of the swash 
marks towards the berm edge and alongshore fringes to form the horns. 
Eventually, the associated backwash reduced in volume and flow energy 
due to water percolation into the beach, transported small quantity of 
sediment from the crescent outline towards the centre of the cusps and 
finally transmitted shoreward as undertow and developed the bay. The 
horns are developed as a result of convergence of adjacent wave swash 
actions and deposition of sediment at the point of convergence. Beach 
cusps are well developed and exposed during ebb tide. 

Destruction of beach cusps

Beach cusp destruction is a complex shoreline processes. The first 
harmonic waves frequencies formed and destroyed beach cusps. Every 
preceding wave swash during flood tide superimposed on the former 
beach cusps formed by the previous wave swash and thereby destroyed 
the previous ones and formed new cusps. This resulted in a reworking 
and relocation of the cusps from the lower foreshore during rising 
tide to the upper foreshore - berm area of the beach. However, beach 
cusps are inundated and destroyed at high water and poorly developed 
during flood tide. Similarly, the accelerated neap-spring tidal phase 
favoured more of deformation and destruction than formation of 
beach cusps due to complete tidal inundation of the beach foreshore 
at spring tide. On the contrary, formation and destruction of beach 
cusps are a continuous process during mid-flood tide while ebb tide is 
dominated by formation process hence the exposure of beach cusps at 
low tide (Figure 4c).

Implication of infragravity waves on beach cusps 
morphodynamics

Beach cusp formation, development and destruction processes are 
intertwining. This investigation is in support of the findings of Inman 
and Guza [2] and Antia [10] which attributed beach cusp development 
to the actions of wave swash and backwash on beaches as well as 
nearshore circulation system in the surf-zone. Also, this work posits 
that the wave swash and backwash action which formed beach cusps 
are generated by the First Harmonic Infragravity Waves Frequencies 
while southwesterly waves in the surf zone constituted the nearshore 
circulation system. The eastward sequential trend of formation of 
beach cusps with northward pointed crescent crests, tangential to the 
berm edge, are in congruent with the directions of propagation and 
impact of the southwesterly waves and infragravity wave energy in the 
surf zone circulation system. It was noted that during the propagation 
of the southwesterly waves through the surf zone, the crests of the 
waves aligned with the bays while the troughs aligned with the horns 
of the beach cusps (Figure 4a). However, the occurrence of beach cusps 
in this study segment of the beach revealed erosion, given by the net 
beach sediment volumetric change, and corroborated the findings by 
Antia [11] and Antia and Nyong [17] that beach cusp played passive 
role in morphodynamic adjustment of beaches. Moreover, the absence 
of lower level beach cusps can be due to the flat nature of the foreshore, 
in which slope varied between 2 and 40. Also, the flat lower-and mid 
–foreshore of the beach facilitated swift wave swash motions across the 
lower foreshore to the upper foreshore creating swash marks which 
developed into beach cusps [22]. 

Conclusion
Beach cusps formation, development and destruction are a complex 

shoreline processes controlled by infragravity waves oscillations, beach 

slope, beach sediment characteristics and nearshore circulation system. 
The swash and backwash processes of the first harmonic infragravity 
waves frequencies, with spectral energy index range from 0.5 to 1.0, 
generated by southwesterly waves circulation system in the surf zone 
are responsible for the formation and destruction of beach cusps, while 
their (cusps) developments are controlled by swash and backwash 
processes of other harmonic waves frequencies in the wave spectra. 
Therefore, by implication, beach cusps dynamics played significant role 
in morphodynamic adjustment of the beach.
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