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Abstract: Intermittently Open/Closed Estuaries (IOCE) are wave-dominated estuaries 

with entrances which temporarily close to the ocean. Wave-current interactions play a 

major role in estuary entrance morphodynamics and influence the degree of energy 

transfer from the ocean into the lagoon. This study utilises artificial entrance openings 

of multiple ICOE in Victoria, Australia, to capture continuous hydrodynamic and 

geomorphic data throughout the opening cycle. We illustrate that water level 

oscillations in the infragravity (IG) band) are present in the basin during open entrance 

conditions. IG waves were observed to propagate up to 1.8 km upstream of the mouth 

while the entrance was open. Our work identifies that changes in cross-sectional area, 

bed depth at the berm position, and offshore wave height control the magnitude of IG 

waves within the estuary basin. IG wave magnitude is also tidally modulated and 

increases with high tides when the nearshore water level is higher. Late during the 

drainage phase, waves were observed to track the margins of the channel, away from 

the thalweg, and reach the basin. IG wave energy was highest immediately after the 

basin had ceased draining and while channel dimensions at the mouth were within 

10% of their maximum value. As the entrance aggrades, IG wave magnitude 

decreases in the absence of energetic offshore wave conditions. We relate the 

changes in IG wave magnitude and frequency to a six-stage conceptual model of the 

opening-closure sequence. Within the basin, IG wave energy, height, and frequency 

were also consistently highest closer to the mouth and decreased with distance 

upstream. Our findings indicate that water level oscillations in the IG band are a 

persistent feature in IOCE and may be the norm rather than the exception in these 

systems. As IG waves were captured serendipitously as part of a larger field 

campaign, future work will focus on instrumenting IOCE to gain high resolution data to 

quantify IG wave processes during entrance openings. 
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Keywords: estuary, infragravity waves, waves, coastal lagoon, estuary 

morphodynamics 

 

1.0 Introduction 

Intermittently Open/Closed Estuaries (IOCE) are wave-dominated estuaries 

characterised by periodic entrance closure. IOCE comprise approximately 15% of all 

estuaries globally on microtidal to low-mesotidal coasts, often fronting rivers with low 

or variable flow regimes (McSweeney et al., 2017). IOCE entrance condition is 

controlled by the relative balance between on and offshore sediment transport at the 

mouth (Hanes et al., 2011; Behrens et al., 2013). Closure occurs when onshore 

sediment delivery from wave processes exceeds the seaward transport capacity of the 

ebb-tidal prism (Ranasinghe and Pattiaratchi, 1999; 2003). Entrance opening occurs 

when the backing lagoon overtops the berm in response to fluvial inflow (Parkinson 

and Stretch, 2007; Behrens et al., 2009) or ocean wave overtopping (Hart, 2009). In 

practice, many IOCE are artificially opened before a natural opening threshold is 

reached to alleviate flooding of property surrounding the lagoon (Haines and Thom, 

2007).  

 

During an opening, water outflow from the lagoon dominates sediment transport and 

the channel adjusts to the predominantly seaward direction of sediment movement 

(Stretch and Parkinson, 2006). Once the hydraulic head lessens, ocean waves 

become a main control on entrance morphodynamics and sediment is again reworked 

landward (Morris and Turner, 2010). Short waves (i.e. gravity frequency) are dominant, 

with entrance closure occurring through vertical accretion of the berm or longshore 

progradation of spits at the mouth (Ranasinghe and Pattiaratchi, 2003). While gravity 
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waves dominate sediment transport at the entrance (Gonzalez-Villanueva et al., 

2017), infragravity (IG) frequency waves have been identified within IOCE basins while 

the entrance remains open (Dodet et el., 2013; Bertin and Olabarrieta, 2016; Williams 

and Stacey, 2016; Bertin et al., 2019; Mendes et al., 2019).  

IG waves are fluctuations in surface water level with periods of 30 secs to 5 mins 

(Munk, 1951). IG waves are suggested to occur in IOCE because the estuary mouth 

acts as a low-pass filter that removes gravity-wave energy via breaking and dissipation 

but allows the uncoupling of IG energy (Harvey et al., 2016; Bertin et al., 2018; Melito 

et al., 2018). Waves at IG frequencies can then propagate upstream and into the 

lagoon (Bertin and Olabarrieta, 2016). The offshore tidal elevation, wave height, and 

nearshore sea level are identified as controls on IG wave energy within estuary basins 

(Williams and Stacey, 2016). In shallow estuaries, blocking of the IG waves can occur 

during opposing ebb-tidal currents and IG waves are of higher magnitude during flood 

tides (Dodet et al., 2013; Mendes et al., 2019). The presence of long period waves in 

the basin is important in modulating sediment transport and can directly contribute to 

entrance closure (Melito et al., 2018). For example, Bertin et al., (2019) observed IG 

waves to increase the instantaneous landward sand flux by two orders of magnitude 

at Albufeira Lagoon, Portugal. 

In this study, we investigate the role of IOCE entrance morphology on long period 

wave attenuation within the estuarine lagoon. Changes in entrance morphology were 

monitored alongside a continuous record of basin water levels after three artificial 

openings at IOCE in Victoria, Australia. As a pilot study, the aim was to broadly 

quantify all long period waves within the lagoon and their association with entrance 
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morphology rather than focus on a specific energy band. We relate changes in IG 

wave frequency and magnitude to variability in both the offshore marine conditions 

and morphological change at the mouth. Understanding the controls on long period 

waves within the lagoon has implications for predicting sedimentation rates (Bertin et 

al., 2019), in-basin fine sediment transport (Talke and Stacey, 2003), and water 

column mixing (Williams, 2014).  

2.0 Regional setting 

The study was conducted at two IOCE on the west Victorian coast: the Aire (38.76 °S, 

143.51 °E) and Anglesea River (38.46 °S, 144.90 °E) estuaries (Figure 1a-c). The 

open coast of west Victoria, Australia, is microtidal with mixed semidiurnal tides and a 

spring tidal range of 0.90-1.50 m (Bird, 1993). The coast is influenced by high-energy 

south-westerly swells with peak wave heights occurring during the Austral winter 

(Hughes and Heap, 2010). Coastal Victoria has a temperate climate with rainfall and 

river discharge being both seasonally and interannually variable (Hughes and James, 

1989). Rivers draining coastal catchments experience peak flows during winter and 

low flows in summer.  

Two artificial openings were monitored at Aire River (20/03/2014 and 10/05/2014) and 

one was monitored at Anglesea (14/02/2014) (Figure 1d-f). The Aire has a catchment 

area of 250 km2 and length of 6.70 km. Mean annual rainfall is 895 mm/year and mean 

daily discharge is 0.82 m3/s-1. Mean offshore significant wave height (Hs) is 3.38 m 

and peak wave period (Tp) 13.25 secs (McSweeney, 2020). Anglesea has a catchment 

area of 125 km2 and length of 3.50 km. Mean annual rainfall is 635 mm/year and at 

the time of this study the estuary had a constant daily discharge of 0.05 m3/s-1 due to 
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discharge from the upstream Alcoa coal plant (Sharley et al., 2012). Mean offshore Hs 

is 2.54 m and Tp 13.22 secs (McSweeney, 2020).  

 

3.0 Methods 

Estuary entrance morphology was measured by repetitive topographic surveys using 

a Real Time Kinematic (RTK) GPS on a single long profile and a fixed cross-section 

(at the berm position) (Figure 1b-c). Surveying commenced prior to channel 

excavation and extended until entrance closure. Surveys were referenced to 

permanent benchmarks established relative to Australian Height Datum (AHD). 

Outflow velocity was measured during the first few hours of opening, while the channel 

was wadeable, using an ADV mounted on a wading rod as per Burks (2009). Five 

measurements were taken in the centre of the cross-section each time and averaged. 

 

Due to the absence of operational wave buoys, offshore wave data was hindcast at 3-

hourly intervals from NOAA’s WAVEWATCH III (WWIII) model v.3.14 on a global 30 

arcminute grid. While WWIII is accepted as a reliable source of hindcast data (Browne 

et al., 2007) and shows good agreement with buoy data in Australia (Hemer and 

Church, 2007), the lack of buoy data remains a limitation. Gauged fluvial discharge 

was obtained for Aire River from the Department of Land, Water, and Planning stream 

monitoring network (site: 235219).  

 

For each opening, the estuary water level was continuously logged and corrected to 

AHD. Pressure sensors (Solinist Levelogger 30001) were anchored to the channel bed 

at four sites: (1) the mouth, and then (2) 200-300 m, (3) 500 m, and (4) 1.20-1.80 km 

upstream, the last being in the central basin (Figure 1b-c). Placement was selected to 
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ensure sensors were far enough away from the extent of channel bed erosion and 

sufficiently deep to prevent exposure following drainage. Data was logged at 0.2 Hz 

(5 sec) to allow for maximum storage and to capture long-period wave fluctuations. A 

higher frequency sampling rate would be ideal to accurately capture IG waves however 

at the time of instrumentation our study was not specifically designed for this purpose. 

Therefore, we recognize that the sampling frequency is low, and in future studies will 

be increased to be more suitable for capturing IG waves. A barometric pressure logger 

was installed within a 2 km radius of all loggers. 

 

Each water level time series was then split into hourly windows for spectral analysis 

with n=720 data points in each hour (Table 1). Data was corrected for variations in 

atmospheric pressure and de-trended as per Karimpour and Chen (2017). For the 

second opening of Aire River, only data from logger 2 was used as the site 1 logger 

was buried for ~30% of the opening and the site 3 logger was stolen (Figure 1b). Data 

during the period of high velocity outflow (>2 m/s) was omitted for both openings at 

Aire River (Table 1). These hours (n=14 at Aire 1 and n=18 at Aire 2) produced noisy 

spectral plots indicating potential fluctuations due to the highly turbulent flow in the 

channel.  

 

Data was separated into frequency components by a fast Fourier transform using the 

OCEANLYZ Ocean Wave Analyzing Toolbox v.1.3 (Karimpour, 2014) in MATLAB 

R2019b. The parameters listed in Table 2 were output from spectral analysis.  

 

After all hourly IG wave bulk parameters were extracted, they were checked for tidal 

modulation. A Doodson X0 filter was applied to the hourly data to remove the tidal 
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signal from the hourly time series in MATLAB R2019b using a script from Oliver (2020) 

(https://ecjoliver.weebly.com/code.html). The filter was applied to data only once the 

estuary had finished draining to maintain accuracy in carrying forward the signal 

extraction.  

 

The IG wave parameters defined in Table 2 were extracted to correspond with the 

timing of morphological surveys. These variables were then tested for strength of 

correlation with the offshore Hs, Tp, tidal elevation, and entrance morphology (cross-

sectional area and bed elevation at the berm position). These parameters were 

selected for comparison to IG wave properties as they are described to potentially 

impact on IG wave magnitude within estuary basins (Williams and Stacey, 2016; Bertin 

et al., 2019). A non-parametric Kendall's tau_b was used as data is not normally 

distributed and the sample size (n=37) was small. Data from logger site 2 was used 

for Aire River and site 1 was used at Anglesea River.  

 

4.0 Results 

4.1 Aire River opening 1 

Aire River was artificially opened on 20/03/14 and remained open for 21 days. For the 

first two hours, outflow velocity was <2 m/s, reaching a maximum of 3.80 m/s six hours 

after opening (Figure 4a). The basin water level stopped decreasing ~20 hours after 

opening, coinciding with the channel reaching its maximum cross-sectional area (291 

m2) and minimum elevation at the former berm position (-0.25 m AHD) (Figure 2a; 

Figure 3a; Figure 4b;). From 22/03/14 onwards, the berm elevation progressively 

increased and cross-sectional area decreased (Figure 3a; Figure 4c-j). While the 

entrance was open, low height oscillations (up to 148 mm) in basin surface water 
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elevation were observed up to 1.80 km upstream. These waves occurred at peak 

frequencies (fp) of 0.0415-0.0022 Hz (Tp 24-454 secs) and were dominated by waves 

in the IG band (Figure 2d-e). At all loggers, IG wave height (Hm0) was highest during 

the first two tidal cycles after drainage and when offshore Hs was >5 m on 04/04/14 

(Figure 2c-e). IG wave Hm0 and peak frequency (fp) increased during high tides 

indicating tidal modulation (Figure 2a-e). Spatially, Hm0 and fp were consistently higher 

at sites closest to the mouth (Figure 2e).  

At site 2 (Aire River), peak Hm0 (140 mm) occurred on the second high tide following 

basin drainage on 21/03/14 (Figure 2d; 2f). This coincided with the channel having 

reached its maximum depth and cross-sectional area (Figure 3a). At this time, offshore 

Hs was 4.45 m and tidal elevation 1.02 m (Figure 2b-c). As the channel infilled, IG 

wave Hm0 progressively decreased (Figure 2e; Figure 3a). By 22/03/14, the berm had 

accreted to near AHD with Hm0 (101 mm) and PSD decreasing (Figure 2e-g; Figure 

3a). From 27/03/14-01/04/14, offshore Hs remained <3 m and IG wave Hm0 and fp 

further decreased (Figure 2c-e). By 01/04/14 a subaerial spit had formed at the mouth 

(Figure 4d). On 02/04/14-05/04/14, offshore Hs increased to >4 m resulting in a large 

volume of sand being deposited at the mouth (Figure 4f-h). Despite the channel bed 

being >1 m above AHD, an increase in IG wave Hm0 (106 mm) and fp occurred during 

these more energetic wave conditions (Figure 2c-i; 2 h-i; Figure 3a). On 07/04/14, the 

channel had further infilled (Figure 3a; Figure 4i) and basin surface water level 

oscillations decreased in Hm0 (Figure 2d). For logger site 2, Tp remained within the IG 

band for all periods of analysis (Figure 2e). 
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4.2 Aire River opening 2 

Aire River was opened again on 10/05/14 and stayed open for 11 days. For two hours 

following opening, outflow velocity was <2 m/s, increasing to a maximum of 4 m/s six 

hours after opening. The estuary took 24 hours to cease draining and the maximum 

channel dimensions were reached at the same time (Figure 3b; Figure 5a). The 

resultant channel was deeper and larger than the first opening (Figure 3b; Figure 6). 

IG waves were again recorded in the basin and logger site 2 is interpreted for 

consistency.  

 

During the opening, IG waves had fp of 0.0324-0.0023 Hz (Tp 31-417 secs) (Figure 5d-

i). Late during the drainage phase, gravity waves propagating up the channel were 

observed to be blocked by outflow in the thalweg but to move up the channel margins 

(Figure 7a-d). Waves were then recorded at IG frequencies within the basin with Hm0 

20-25 mm (Figure 5d-i). The maximum Hm0 (112 mm) occurred on the first high tide 

following drainage (Figure 5a-f). At this time, the channel dimensions were at a 

maximum, offshore Hs was 3.17 m, and the offshore tidal elevation 0.87 m (Figure 5b-

c; Figure 3b). From 12/05/14 onwards, the channel infilled, and the berm accreted, 

while IG wave Hm0 decreased on average (Figure 5d-g; Figure 6d-j). On 15/05/14, Hm0 

(98 mm) increased as offshore Hs (4.71 m), Tp (15.09 secs), and the open ocean tidal 

amplitude (1.22 m) all increased (Figure 5b-h). Corresponding with further infill of the 

channel and a decrease in offshore Hs, IG wave Hm0 progressively decreased from 

16/05/14 onwards until the entrance closed on 21/05/14 (Figure 5b-i). fp remained 

within the IG band and became slightly less variable (Figure 5e). When closed, low 

height (Hm0 2-4 mm) IG waves were still registered in the basin (Tp 48 sec) (Figure 5d-

e). 
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4.3 Anglesea River 

Anglesea was artificially opened on 14/02/14 and remained open for 8 days. The 

maximum recorded outflow velocity was 2.20 m/s occurring 8 hours after opening. This 

opening differed from those at Aire River as the channel was long (110 m) and shallow 

and the estuary did not cease draining until several days after opening (Figure 8a). As 

a result, the channel bed did not reach its lowest elevation (+0.66 m AHD) and 

maximum area (6.95 m2) until 18/02/14 and tidal oscillations did not occur in the basin 

(Figure 8a-e). IG waves were observed within the basin with the maximum Hm0 and fp 

being orders of magnitude lower than at Aire River (Figure 8c; 8f-h). On 19/02/14, 

offshore Hs increased to >2 m increasing IG wave Hm0 to a maximum of 5.06 mm 

(Figure 8c-d). This period of high waves infilled the channel and raised the berm to 

+2.50 m AHD on 20/02/14 (Figure 8e). The entrance then closed on 21/02/14. While 

closed, low power, long period waves were still observed in the basin at similar 

magnitudes as when the basin was draining (Figure 8a-c).  

 

4.4 Controls on IG wave frequency and magnitude 

IG wave Hm0 showed a strong positive correlation with the offshore Hs (r=0.660, 

p=<0.01) and channel cross-sectional area (r=0.542, p=<0.01) and a negative 

relationship with bed elevation (r=0.428, p=<0.01) (Table 3). IG wave Tp showed a 

negative correlation with the cross-sectional area (r=-0.500, p <0.01), and offshore Hs 

(r=-0.633, p=<0.01) and Tp (r=-0.428, p=<0.01) (Table 3). The offshore tidal elevation 

showed no statistically significant relationship with any IG wave parameters (Table 3). 

 

The relationships between Hm0, Tp, and the channel cross-sectional area, berm 

elevation, and offshore Hs are presented in Figure 9a-f and support the correlations in 
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Table 3. These relationships are best represented by logarithmic trendlines with the 

maximum R2 values being between the basin IG wave Hm0 and the channel cross-

sectional area (R2=0.85) and basin IG wave Hmo and offshore Hs (R2=0.74). 

5.0 Discussion 

5.1 IOCE entrance dynamics 

The influence of entrance channel morphology on water level oscillations can be 

framed as a six-stage conceptual model (Table 4; Figure 10a-c). The model is based 

on field observations during this study, combined with evidence from literature. Each 

stage shows a different dominance of wave, fluvial, and tidal processes and 

consequentially different rates of channel infill or erosion. 

The estuary is opened through a shallow channel and the drainage rate lags behind 

the channel expansion rate (stage 1) (Table 4) (Parkinson and Stretch, 2007; 

Wainwright and Baldock, 2015). Outflow velocity is <2m/s and sediment transport 

initiates in an offshore direction (Gordon, 1990; Haines, 2006). Once the headcut 

created at the seaward face of the berm propagates up to the lagoon, rates of channel 

expansion and estuary drainage increase (stage 2) (Figure 10a-c). Here the estuary 

is strongly dominated by fluvial processes and outflow is often supercritical with 

velocities of 2-5 m/s (Gordon, 1990; Haines, 2006). Late in stage 2, the channel 

reaches equilibrium dimensions (Stretch and Parkinson, 2006). As hydraulic head 

between the lagoon and the ocean falls, the estuary ceases draining.  

Immediately after the estuary has ceased draining (stage 3), the channel remains 

close to its maximum dimensions which permits the propagation of waves and tides 

into the basin (Hanes et al., 2011). Here tidal energy is at a theoretical maximum 
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(Figure 10a-c; Table 4). If ebb-tidal currents weaken, deposition will commence with 

progressive berm building and channel infill (Figure 10a-c; Table 4). This may occur 

on the first high tide following opening if the ebb-tidal prism is small (Whitfield et al., 

2008). Tidal signals become attenuated and the basin water level rises (stages 4-5). 

Eventually the entrance will close as hydraulic efficiency decreases (stage 6) (Table 

4) (Hinwood and McLean, 2001; Battalio et al., 2007). If river flow increases, a 

temporary reset of the channel may occur with seaward erosion of sediment. Thus, 

the estuary can transition between these stages as a function of the relative energy 

balance between fluvial and marine processes. 

 

5.2 IG waves within IOCE basins 

In this study, water level oscillations in the IG frequency band were consistently 

observed within IOCE up to 1.80 km upstream of the mouth, being most prominent 

during high tides. The kilometre-scale distance of inland penetration into the basin has 

also been observed in IOCE in California (USA) (Williams, 2014) and Portugal (Bertin 

and Olabarrieta, 2016) at decimetre amplitudes. A limitation on this penetration is the 

rate of outflow, from ebbing tides or basin drainage, especially when velocities exceed 

>2 m/s (Dodet et al., 2013; Bertin et al., 2018). At our sites, IG waves were present 

during the late stages of basin drainage, yet at low Hm0, likely occurring when outflow 

velocity had decreased <2 m/s (Figure 10d). We attribute the IG signal to waves which 

track the margins of the entrance channel, away from the thalweg, to then propagate 

into the basin (Figure 7; supplementary material). These waves were observed to 

contribute to bank erosion by undercutting the toe of the channel (Figure 7c), and when 

in-channel wave setup occurred, waves saturated the banks to drive slaking 

(supplementary material). IG wave magnitude was consistently highest coinciding with 
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the channel reaching its maximum cross-sectional area and depth immediately after 

the basin had ceased draining (i.e. early in stage 3; Table 4). 

 

5.2 Influence of entrance morphology 

IOCE entrance morphology is constantly changing over rapid timescales in response 

to process variability at the mouth (Morris and Turner, 2010; Rich and Keller, 2013; 

Slinger, 2017). At our field sites, entrance morphology had the strongest influence on 

the magnitude of IG waves occurring in the estuarine lagoon. IG wave Hm0 showed a 

strong positive correlation with the channel cross-sectional area and a negative 

correlation with the berm/bed elevation (Table 3). This means that as the channel infills 

and the berm accretes, IG wave magnitude decreases. The cross-sectional area 

consistently showed the strongest correlation with IG wave parameters as it 

represents not only the depth at the mouth but the total area which waves can 

propagate through. When the entrance channel is long (>100 m) and the channel bed 

at the mouth is above AHD (i.e. as at Anglesea) this largely inhibits the influence of 

tides and long-period waves into IOCE basins. 

 

In relation to the conceptual model of the opening sequence, IG wave magnitude is at 

a maximum early during stage 3 when the channel dimensions are largest and outflow 

velocity (and its potential blocking effect) has decreased (Figure 10d). When the mouth 

infills and the berm accretes above mean sea level, by the commencement of stage 5 

IG wave Hm0 decreases substantially in the absence of high offshore waves. When 

closed, in stage 6, low power IG waves can still influence the basin (e.g. Figure 5d-e) 

meaning the estuary is not wholly “disconnected” from the ocean. This may influence 

mixing processes and salinity within the seaward portion of the lagoon.  
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5.4 Influence of offshore marine conditions 

Previous work has identified that more energetic ocean wave conditions correspond 

to an increased wave climate within IOCE (Bertin and Olabarrieta, 2016; Williams and 

Stacey, 2016; Melito et al., 2018). This is consistent with our findings (Table 3). 

Increases in offshore Hs most strongly translated to increases in IG magnitude when 

the channel bed at the mouth remained below AHD (stages 3-4). Despite this, our data 

shows that even when berms fronting ICOE are above AHD (i.e. stages 5-6), high (>4 

m) offshore waves can still drive a temporary increase in IG wave Hm0. This was 

observed at the Aire River on 03/04 (Figure 2d) and 15/05 (Figure 5d). These 

increases in Hm0 are event driven and controlled by the magnitude and duration of 

more energetic offshore wave conditions. Prior work states that a higher tidal elevation 

increases IG wave magnitude as the estuary becomes more connected to the 

nearshore (Williams and Stacey, 2016; Bertin et al., 2018). Our data show a similar 

tidal modulation where IG wave Hm0 increased during high tides - especially while the 

entrance cross-sectional area remained large. When combined with high offshore Hs, 

this has the potential to deliver the maximum amount of energy from the offshore 

marine environment. While the offshore tidal elevation did not show a strong 

correlation with IG properties at our sites, this may be due to the lower tidal range 

compared to estuaries in previous studies (e.g. 2.5 m; Bertin et al., 2019). 

 

In regions with an energetic wave climate, IG wave velocities can be higher than tidal 

velocities and act as a dominant mechanism of channel infill (Williams, 2014). While 

particle scale sediment tracking was outside the scope of this study, Dodet et al., 

(2013); Bertin and Olabarrieta (2016) report that the presence of IG waves can 

increase sand transport into an estuary by up to 20% during flood tides. IG waves also 
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cause bursts of kinetic energy which contributes to mixing of the water column 

(Williams, 2014). As many IOCE become stratified, IG motions are likely to play a main 

role in reducing salinity stratification. As the influence of these waves was recorded 

1.80 km upstream at our sites, they are potentially an important driver of mixing for the 

whole lagoon 

5.4 Intra basin changes in IG waves 

Our observations show that Hm0 and fp decrease in a non-linear fashion with distance 

upstream from the mouth (Figure 2d-e). This is attributed to the loss of energy via 

dissipation into the basin. An example of this is presented in Figure 11. A shift in the 

spectra towards the dominance of lower frequency waves is evident and the higher 

frequency peaks observed near the mouth are lost upstream. Here the wavelength is 

becoming longer with distance away from the wave source. This process is analogous 

to changes in waves moving across a coral reef where swell waves dissipate on the 

reef crest causing IG waves to dominate at progressively lower frequencies towards 

the lagoon (Lowe et al., 2005; Pomeroy et al., 2012). 

6.0 Conclusion 

Wave-current interactions play a main role in the hydrodynamics and sediment 

transport of IOCE. Our field observations show that water level oscillations in the IG 

band are a persistent feature in IOCE basins and may be the norm rather than the 

exception in these systems. We have linked changes in IG wave frequency and 

magnitude to variability in estuary entrance morphology and offshore marine 

conditions during an opening. IG wave Hm0 is highest when the cross-sectional area 

is largest and/or with large offshore wave heights. This generally occurs with the first 
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few high tides following estuary drainage (i.e. stage 3; Table 4). Changes in the 

magnitude and frequency of IG waves exemplify the role of entrance morphology in 

controlling internal conditions within the lagoon. Prior work by Bertin et al., (2019) 

report that individual IG waves can increase the sand flux rate by at least 2 orders of 

magnitude. While we could not directly quantify the role of IG in sediment transport, 

basin infill, and, erosion, we do identify and quantify the properties of the IG waves in 

our study basins.  

In this study IG waves were captured serendipitously within IOCE as part of a larger 

field campaign. Future work will focus on instrumenting IOCE to gain high resolution 

data to quantify the precise (a) relationship with nearshore wave conditions; (b) intra-

basin changes in IG wave properties (including between IOCE with different basin 

morphologies); and (c) influence on sediment transport. 
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Table 1. Number of hourly windows of water level data analysed and omitted from 

spectral analysis and the total duration of each water level dataset. 

 

Opening Number of hourly windows Hours omitted  Data duration (days) 

Aire River 1 442  14 19.08 

Aire River 2 312 18 13.17 

Anglesea River 211 0 8.79 

 

 

Table 2. Variables output from spectral analysis of the basin water level time series. 

 

Variable Description Unit 

PSD Water surface elevation power spectral density  m2s 

f Frequency  Hz 

Hm0 Zero moment wave height  mm 

Tm01 Wave period from moments 0 and 1   sec 

Tm02 Wave period from moments 0 and 2  sec 

Tp Peak wave period  sec 

fp Peak wave frequency  Hz 
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Table 3. Correlations between IG wave parameters extracted from spectral analysis 

and the corresponding channel cross-sectional area and bed elevation, and offshore 

tidal evaluation, Hs, and Tp. ** indicates correlation is significant at the 0.01 level (2-

tailed) and * indicates correlation is significant at the 0.05 level (2-tailed).  

 

 Kendall's tau_b 
Parameters from spectral analysis of basin water level data 

Hm0 fp Tp Tm01 Tm02 

Cross-sectional 
area 

Correlation coefficient 0.542** 0.491** -0.500** -0.130 -0.078 

Sig. (2-tailed) 0.001 0.001 0.001 0.257 0.496 

Channel bed 
elevation 

Correlation coefficient -0.428** -0.322** 0.331** -0.046 -0.075 

Sig. (2-tailed) 0.000 0.005 0.004 0.687 0.513 

Offshore tidal 
elevation 

Correlation coefficient -0.016 -0.030 0.020 -0.020 0.022 

Sig. (2-tailed) 0.890 0.792 0.860 0.860 0.850 

Offshore Hs 
Correlation coefficient 0.660** 0.624** -0.633** -0.286* -0.242* 

Sig. (2-tailed) 0.000 0.000 0.000 0.012 0.033 

Offshore Tp 
Correlation coefficient 0.393** 0.413** -0.428** -0.135 -0.044 

Sig. (2-tailed) 0.001 0.000 0.000 0.237  0.696 
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Table 4. Typical duration, dominant energy, and description of each stage in the 

sequence of IOCE opening/closure. The six stages correspond with Figure 10a-d. 

MSL refers to mean sea level (i.e. AHD for our sites). 

 

Stage Duration Energy Channel morphology Basin hydrodynamics 

1: Pilot channel  1-2 hrs Fluvial 

Creation of a shallow (<1 m 
deep), narrow (2-5 m) channel. 
A headcut is formed at the 
seaward edge of the berm.  

An initial connection to ocean 
is formed. Slow basin drainage 
which lags channel expansion. 
Outflow velocity is <2 m/s. 

2: Rapid 
expansion 

6-36 hrs Fluvial 

Headcut reaches the basin. 
Rapid incision and widening. 
Berm eroded to below MSL. 
Antidunes present on bed. 

Period of the most rapid 
drainage. Outflow velocity >2 
m/s becoming supercritical 
and with standing waves. 

3: Peak tidal 
influence 

Tidal 
cycle-
weeks 

Tidal 

Channel incision/expansion 
ceases. Channel bed is at or 
below MSL. Bidirectional 
bedforms are present due to 
tidal exchange. 

Estuary basin stops draining. 
Outflow is no longer 
supercritical. Tidal signals are 
registered in basin if bed 
depth at mouth is below MSL. 

4: Sub-aqueous 
berm accretion 

Days-
weeks 

Wave 

Subaqueous spit/berm may 
form at or near MSL. Most 
deposition in the seaward 50 
m of channel. Channel cross-
sectional area decreases. 

Tides become highly 
dampened and attenuated in 
basin vs open ocean. Water 
level begins to rise in the 
estuary basin on average. 

5: Sub-aerial 
berm accretion 

Days-
weeks 

Wave 

Berm elevation above MSL. 
The entrance may close 
temporarily at low tides. 
Accretion extends to lagoon. 
Decrease in channel area.  

Loss of tidal signals except at 
high tides. Wave overwash is 
likely to influence basin. A 
progressive increase in water 
level in the estuary basin.  

6: Entrance 
closure 

Days-
years 

Wave 

Berm now fully separates the 
estuary from ocean for longer 
than one tidal cycle. Infill of 
channel extends landward of 
berm crest and into lagoon. 

Estuary water level continues 
to rise and may become 
perched above MSL.  Wave 
overwash at high tide moves 
water/sediment landward. 
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Figure 1a-f. (a) Location of study sites; field setup at the (b) Aire and (c) Anglesea 
River estuaries; (d) first artificial opening of Aire River 20/03/14 (looking seaward); 

(e) second opening of Aire River 11/05/14 (looking seaward); and (f) artificial 
opening of Anglesea River 14/02/14 (looking towards lagoon). All images taken 1-2 

hours after channel excavation had commenced. 
  

Jo
urn

al 
pre

pri
nt



 

 
This article is protected by copyright. All rights reserved. 

 
 

Figure 2a-i. (a) Basin water level time series during first artificial opening of Aire 
River (plotted every 2 mins for presentation) and hourly water level time series with 
tidal signal removed via a Doodson X0 filter. The grey box shows the period of high 
velocity outflow omitted fom spectral analysis. Red bands show data extracted for 

example spectral plots (f-i); (b) offshore tidal elevation and upstream fluvial 
discharge; (c) offshore Hs and Tp; (d) basin IG wave Hm0 and (e) fp (logger 4 is 

omitted here for presentation); and (f-i) example spectral plots for periods of interest 
using 1-hour windows of data from logger 2. 
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Figure 3a-b. Change in channel cross-sectional area and bed elevation at the berm 
position during (a) artificial opening 1; and (b) artificial opening 2 at Aire River. The 

grey box identifies a period of time where the estuary channel was too large and fast 
flowing to safely measure the morphology. 
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Figure 4a-j.  Images of change in entrance morphology at Aire River following the 
first artificial opening. Images taken from a trail-cam fixed on an adjacent cliff. The 

time and date are annotated on each image. 
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Figure 5a-i. (a) Basin water level time series during first artificial opening of Aire 
River (plotted every 2 mins for presentation) and hourly water level time series with 
tidal signal removed via a Doodson X0 filter. The grey box shows the period of high 
velocity outflow omitted fom spectral analysis. Red bands show data extracted for 

example spectral plots (f-i); (b) offshore tidal elevation and upstream fluvial 
discharge; (c) offshore Hs and Tp; (d) basin IG wave Hm0 and (e) fp (logger site 2); 

and (f-i) example spectral plots for periods of interest using 1-hour windows of data 
from logger 2. 
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Figure 6a-j. Images of change in entrance morphology at Aire River following the 
second artificial opening. Images taken from a trail-cam fixed on an adjacent cliff. 

The time and date are annotated on each image. 
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Figure 7a-d. Observed process of wave propagation into the estuary basin from the 
nearshore late in the drainage phase of ICOE. Here waves track the margins of the 
channel, away from the thalweg, to move into the lagoon. Note undercutting of the 

toe of the bank in (c). 
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Figure 8a-h. (a) Water level time series during artificial opening of Anglesea River 
(plotted every 2 mins for presentation) and hourly water level time series with tidal 

signal removed via a Doodson X0 filter. Red bands show data extracted for example 
spectral plots (f-h); (b) offshore tidal elevation and (c) Hs and Tp; (d) basin IG wave 

Hm0; (e) cross-sectional area and bed elevation at the berm position; and (f-h) 
example spectral plots for periods of interest using 1-hour windows of data from 

logger 1. 
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Figure 9a-f. Relationship between channel morphology, offshore Hs, and IG wave 
(a-c) Hm0 and (d-f) Tp as extracted from each period of spectral analysis 
corresponding with the timing of morphological surveys at all IOCE sites. 
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Figure 10a-d. Conceptual model of six-stages in the IOCE opening-closure 
sequence. Stages are defined in Table 4. (a) Changes in channel morphology with 
typical mouth cross-sections. Stage duration is annotated and the shift in energy 

dominance is represented by proximity to each point of the triangle; (b) supporting 
photos; (c) basin water level behaviour in each stage; and (d) idealised change in IG 

wave magnitude (represented by Hm0). 
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Figure 11. Intra basin changes in IG wave PSD, Hm0, and fp with distance upstream 
of the mouth. Here PSD, Hm0, decrease and fp decrease with a shift to lower 

frequency (longer-period) waves with distance away from the mouth. Data from Aire 
River (on 21/03/14) is used to exemplify this process. 
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Variability in infragravity wave processes during estuary artificial entrance 

openings. 

 

Sarah L. McSweeney*, Justin C. Stout, and David M. Kennedy. 

 

 

After an artificial estuary entrance opening, infragravity (IG) waves commonly are 

present within the estuarine lagoon. IG wave energy peaks when the channel 

dimensions are largest and immediately after the basin has ceased draining (stage 3). 

As the entrance infills (stages 4-6), IG wave magnitude progressively decreases aside 

from during periods of more energetic offshore wave conditions. IG wave processes 

have implications for sediment transport and mixing within the lagoon. 
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