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Abstract 

Sediment accumulation rates in New Zealand estuaries have increased ten-fold following 

large-scale catchment deforestation that began in the mid-1800s. This increased 

sedimentation has led to rapidly prograding shorelines such as occur in the southern Firth of 

Thames (Waikato, North Island). Intertidal flats have been progressively colonised by 

mangroves since the early 1960s as the flats accrete above mean sea level and today 

mangroves occupy a 1 km-wide zone for former sand flat in the upper intertidal. Field data 

from an instrumented transect containing 5 sites (site 1 being the most landward and site 5 the 

most seaward) and spanning from the fringe of the mangrove forest, across the intertidal 

mudflats into the shallow subtidal waters of the Firth are used to analyse the sediments 

dynamics of the present-day mudflats.  

Suspended sediment concentration (SSC) values driven by waves and tides appeared to 

progressively increase from offshore to onshore as the water depth decreased. Detailed 

analysis of environmental variables during both calm conditions and an episodic, storm event 

showed a correlation between SSC and estimated significant wave height and peak period 

although SSC values remained non-negligible across the transect even in fair weather. 

Analysis of hydrodynamic measurements (e.g., current speed) allowed to infer sediment 

fluxes across the flat over calm and windy intervals.   

Results indicate a constant sediment flux seaward at site 1, while the tidal cycle dominates 

the fluxes at the rest of the sites. Storm conditions favour the advection of sediment seawards 

as the current peaks during the ebb tide, while calm conditions tend to favour onshore-

directed fluxes. In the deeper waters of the transect, flux magnitudes registered during the 

storm event were greater than the aggregate of those registered during the rest of the 

experiment under calmer conditions, resulting in offshore net fluxes at site 5. Onshore net 

fluxes at sites 2 3 and 4, combined with the offshore flux at site 1, provide the basis for a new 

hypothesis of how the intertidal might be accreting; a prograding bar near the fringe of the 

forest that progressively moves seawards. 
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1 Introduction 

1.1 Background 

Estuaries are embayed, coastal, semi-enclosed bodies of water in permanent or intermittent 

contact with the open sea. Being the meeting point of rivers and oceans, estuaries host an 

array of physical, chemical and biological processes that shape their constant evolution. The 

erosion and displacement of riverine and marine sediments is one of their most dynamic 

features and known to be driven by an amalgamation of complex and interrelated elements. 

Tides, waves and river flows are critical physical features of estuaries in relation to sediment 

dynamics, but seasonal cycles and extreme hydro-meteorological episodes are also major 

factors to be considered. The study of estuarine ecology and morphology and their related 

processes has always been challenging due to the perpetual changing nature of estuaries.  

Whether estuaries “fill up” because of deposition or remain submerged primarily depends on 

the amount of sediments entering and leaving the estuary. The natural balance of sediments 

infilling estuaries is rather fragile and susceptible to human-driven activities which can lead 

to negative ecological effects. Understanding sediment dynamics in estuaries is a key 

component in the planning and management of coastal areas threatened by climate change 

and its effects, particularly sea level rise.  

New Zealand estuaries have been suffering from high infilling due to excessive sediment 

runoff since the beginning of the twentieth century. In recent decades the National Institute of 

Water and Atmospheric Research (NIWA) has been studying estuarine ecosystems across 

New Zealand, giving special attention to sedimentation accumulation and its consequences. 

Due to its ecological, economical and recreational value, the Firth of Thames, a low-energy 

mesotidal estuarine embayment located in the Waikato region of the North Island of New 

Zealand, has been one of the systems where NIWA has undertaken estuarine research. 

1.2 Implications of estuarine sediment dynamics 

It is tempting to reduce sediment dynamics to a straightforward sequence of events; erosion, 

transport and deposition of sediments. But history and science have proven how complex 

sediment dynamics can be as they encompass a variety of physical, biological and chemical 

processes across multiple time scales that are difficult to identify and decouple. Coastal 

environments, including estuaries, continually change as waves, rivers and tides exercise their 
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impact on the way such environments are shaped, particularly through sediments transport 

(Pethick, 1995). Sediments within estuaries come from the discharge of freshwater bodies, 

the edges of the estuary and the open coast (Carter, 1988; Green & MacDonald, 2001). The 

multiple tidal cycles at different time scales (diurnal or semi-diurnal, weekly, fortnightly, 

equinoctial and annual) and freshwater and seawater synergies combined with isolated and 

seasonal hydro-meteorological events result in temporal and physical variations that ensure 

estuaries are always in a mutable state (Dyer, 1973). 

The biotic and abiotic processes driving the erosion, transport and settlement of sediment 

particles have been a topic of study since the late nineteenth century, when Darwin foresaw 

the importance of biological processes on sediment dynamics (Darwin, 1881). Commonly 

referred to as bioturbation, the biological alteration of sediments and land is now 

acknowledged to play an important role as both ecosystem engineer and long-term 

evolutionary agent (Meysman et al., 2006). But despite Darwin’s initial claims the science 

largely focussed on physical mechanisms, completely disregarding the influence of 

ecologically-driven feedbacks on sediment dynamics the past few decades. 

Recent studies of relevance to intertidal environments suggest that increase of sedimentation 

and nutrient enrichment enhance expansion of mangrove forests (Lovelock et al., 2007). 

Estuarine vegetation including mangroves are known to act as sediment traps (Furukawa et 

al., 1997; Kathiresan, 2003; Swales et al., 2004; Stokes et al., 2010). Mangroves can be 

responsible for soil accretion, like previous studies have demonstrated in the Firth of Thames 

(Swales et al., 2007; Young & Harvey, 1996). The ground building capacity of mangroves 

has earned them the reputation of being natural barriers against erosion, sea level rise and 

even natural disasters such as tsunamis (Alongi, 2008; Duarte et al., 2013; Kathiresan & 

Rajendran, 2005) since they can effectively dissipate wave energy and inhibit tidal currents 

(Furukawa et al., 1997; Horstman et al., 2014; Vo-Luong & Massel, 2008). While there are 

clear indications of the correlation between sedimentation, land accretion and mangrove 

forest growth, the intricacies amid them are not yet fully understood. The knowledge gaps 

render difficult the prediction of sediment accumulation rates which are needed to assess 

future evolution of mangrove forests and their habitats especially during sea level rise 

(Swales et al., 2007). 
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1.3 Sedimentation processes 

The main physical drivers behind the movement of sediments within estuaries are waves, 

tidal currents and rivers or streams. The tides generate currents that can transport sediments. 

The majority of New Zealand estuaries, including the Firth of Thames, are classified as 

mesotidal, with a tidal range between 2 and 4 metres (Bell et al., 2000). 

Freshwater discharging into an estuary from a river or a stream is less dense so that it is more 

buoyant than saltwater and tends to flow over it. Fine sediment particles can remain in the 

surface freshwater layer of the water column and be transported to the open sea. Larger 

and/or higher-density particles tend to settle into the underlying water column where both 

freshwater and saltwater mix (brackish water) and may be deposited. This is one of the 

reasons why deposition of sediments is higher in upper areas of estuaries. Although the 

studied transect is not near the main freshwater bodies discharging into the Firth of Thames, 

readings of salinity near the bed and the surface might show signs of stratification under 

certain conditions, especially at the sites being closer to the shoreline. 

Waves and swell at the mouth of an estuary are capable of agitating large amounts of 

sediment which can be transported by the flooding tide towards the head of an estuary. Wind 

waves developed within estuaries are also capable of stirring up sediments from shallow 

intertidal mudflats (Anderson, 1972; Green et al., 1997; Green & MacDonald, 2001; Green, 

2011) leading to an increase of the turbidity (Green et al., 2000). The resuspension of fine 

sediments is driven by the wave orbital velocity near the seabed, which initiates the motion of 

grains at the bed when the critical shear stress is exceeded. While periods of constant wind 

create larger fetch areas and subsequently higher waves, the orbital motion led by the waves 

might not reach the bed and therefore not initiate the local resuspension of particles (Green et 

al, 1997; Green & MacDonald, 2001). When water levels decrease during the ebb tide, wave 

orbital velocity is more likely to initiate the resuspension of sediments, despite wave height 

being smaller due to the progressive decrease in fetch area. 

Wave activity mixed with tidal activity can influence sediment processes (Green & 

MacDonald, 2001), with tidal modulation appearing on wave-driven sediment dynamics of 

intertidal mudflats (Green et al., 1997). Sediment accretion in the mangrove forest of the 

southern Firth of Thames is believed to be driven by 1) the dominating onshore winds that are 

responsible of resuspending intertidal muds and 2) the inundation caused by spring tides 

throughout both the fringe and the forest (Swales et al., 2019). Despite episodic increases of 
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river discharge due to flooding events, the availably of sediment and the ever-increase 

elevation of the forest in the Firth appears to be more influenced by “regular” processes 

rather than infrequent weather events (Swales et al., 2019). 

Under calm conditions Green (2011) showed how very small estuarine wind waves (< 10 cm) 

generate orbital currents at the seabed greater than 30 cm/s which are capable of disturbing 

fine sediments. Because of the influence the high tide may cause over wave-driven 

resuspension (tidal modulation), SSC is highest during low tide when the water is shallower 

(Green, 2011; Green & Coco, 2013). Green (2011) conducted the data collection for his 

research over a two tidal cycle (low-high-low) at a single location inside the Tamaki Estuary. 

In the relatively large area (6.2 km long) presented in this study, the differences between sites 

in terms of resuspension dynamics are significant. Results are likely to match previous work 

under similar conditions where large infrequent winds were the main cause of resuspension 

of sediments at the base of the intertidal flats and light frequent winds dominated 

resuspension in the upper areas (Green, 2011). 

1.4 Knowledge gaps and hypothesis 

Waves are known to drive the direction of sediment flux over long periods of time, with 

deposition during calm weather days overcoming erosion occurring during storms (Christie et 

al., 1999). But very small waves occurring more frequently than larger waves are capable of 

resuspending bed sediments (Green, 2011). Recent studies in the Firth indicate a greater 

influence of “day-to-day” environmental conditions on the biogeomorphic evolution of the 

mangroves in detriment of occasional weather episodes such as severe storms (Swales et al., 

2019). The deployment for this study was carried on long enough to provide results under 

storm and calm periods, facilitating a comparison between both.  

Sediment fluxes in the Firth of Thames have been studied within the mangrove forest 

including its margin bordering the intertidal flats (Lovett, 2017). A net flux of sediments 

heading onshore was detected inside the mangrove forest while an offshore flux was 

identified in the boundary between the forest and the upper flats (Lovett, 2017). This thesis 

partly complements the previous work by Lovett (2017) and contributes to the knowledge of 

sediment fluxes at the fringe of the mangroves and their surrounding area towards the sea. 

Similar experiments have been carried in the past (e.g. Green, 2011; Green & MacDonald, 

2001) but seem to suffer from either lack of location data (usually only from a single site), 
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short-term collection (hours or days) or completeness (instruments on the seabed or near the 

surface but not both). This study aims to tackle these shortages by using a more complete 

dataset that attempts to be the foundation of research to advance understanding of sediment 

dynamics in the Firth of Thames. 

The main hypothesis is that SSC and bed-orbital velocities under waves will increase in an 

onshore direction as water depth progressively decreases (i.e., with location on the intertidal 

flat). Christie and Dyer (1998) measured currents and SSC in the Humber estuary and their 

results showed a net shoreward transport of sediments under calm conditions with evidence 

of deposition and consolidation on the upper flat. Sediment fluxes are expected to be 

dominated by the tidal current and the wave-driven “turbid fringe” (Green et al., 1997) 

resulting in an influx towards the coast. However, previous research by Lovett (2017) raises 

some doubts about whether the net fluxes in the transect of study are to be onshore, offshore 

or a combination of both. Fair weather and windy and stormy periods will likely allow to 

discern the role of sediment resuspension on the long-term evolution of the intertidal flats of 

the Firth.  



6 

 

2 Field and laboratory measurements 

2.1 Introduction 

An experiment was conducted by NIWA staff in 2017 to collect environmental measurements 

across an intertidal transect in the southern Firth of Thames. Deployed instruments were 

calibrated in the laboratory and data was processed and analysed to provide information on 

SSC, net sediment fluxes and hydrodynamic conditions. 

2.2 Study site 

The Firth of Thames is an 800 km2 drowned valley type of estuary on the east-coast of the 

North Island, 70 km south-east of Auckland, New Zealand’s largest urban area. The Firth is 

bordered by the Hunua Ranges on the west and the Coromandel Ranges on the east. Tides in 

the Firth are semidiurnal, and the tidal range is mesotidal, with 2.2 m at neap tides and 2.9 m 

at spring tides. 

On a rapidly prograding shoreline such as the southern end of the Firth of Thames (Swales et 

al., 2007; Swales et al., 2008), mangroves progressively colonise adjacent mudflats as they 

reach the appropriate elevation, among other favourable conditions (Swales et al., 2007; 

Swales et al., 2015; Balke et al., 2015). Predicting sediment transport and deposition is 

relevant since it contributes to the vertical accretion of intertidal mudflats, which is a 

precursor to mangrove seedling recruitment and further spread of the forest. Recent results 

suggest mangroves in the Firth of Thames are likely to keep up with local sea level rise if the 

rate of sediment input remains stable (Roskoden et al., 2019). 

The south coast of the Firth of Thames hosts around 8,500 ha designated as wetland of 

international importance under the Ramsar Convention (Cromarty, 1996). Several species of 

waders, including multiple migratory species moving through the East-Asian Australasian 

Flyway, use the area for roosting and breeding purposes. Previous analysis have identified 

recent mangrove expansion and the potential loss of roosting areas and suitable habitat for 

waders as a serious cause for concern, both in the Firth of Thames (Gibbs, 2007) and globally 

(Straw & Saintilan, 2006). The control and removal of estuarine mangroves established in 

recent times and the restoration of previously existing mudflats have shown to increase 

biodiversity, in particular shorebirds (Huang et al., 2012). 
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The major increase in catchment sediment loads to the Firth coincided with intensive land 

clearance by European settlers began. The estimated amount of sediment currently being 

delivered into the Firth is 190,000 t yr-1, mainly through the discharge of the Piako (35,000 t 

yr-1) and the Waihou (150,000 t yr-1) rivers (Hicks et al., 2011). 

The experimental transect is located on the southern shore of the Firth (Figure 2.1), between 

the Waitakaruru and Piako rivers. The transect is large enough to encompass a variety of 

conditions and contains five different deployment sites (Figure 2.1); from site 1 being on an 

exposed intertidal mudflat 2.5 m above mean sea level (MSL) to site 5 being 2 m below MSL 

(Figure 2.3). 

A) B) 

 

 

 

 

The transect starts where the mangrove forest meets the open mudflats and stretches seawards 

for approximately 6 km. The area has been the field site of previous experiments conducted 

by NIWA. A study investigating sediment resuspension within the mangrove forest has 

provided insights on the role of vegetation on sediment dynamics (Lovett, 2017). 

 

Figure 2.2 Elevation profile of the Firth of Thames field site, showing the distance from site 1 to site 5. Transect 

elevation obtained from the Hauraki Gulf bathymetric dataset (Mackay et al., 2012). 

Firth of 
Thames 

Figure 2.1 Transect location and field sites. A) The transect, highlighted in red, in the southern Firth of Thames. 

B) Field sites 1 to 5, with site 1 at the fringe of the mangrove forest and site 5 being approximately 6 km 

offshore. 
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Figure 2.3 Schematic diagram illustrating the deployment of an ADCP on the seabed. Source: Iain MacDonald. 

The waters of the Firth become progressively shallower following a slope of approximately 

0.03 ⁰. While the tidal currents on the intertidal flats are usually small, ≤ 0.2 m s-1 (Swales et 

al., 2007), episodic hydrometeorological events often moving from the northeast can generate 

faster currents. Protected by the surrounding land and offshore islands of the Hauraki Gulf, 

ocean swells rarely penetrate in the Firth (Woodroffe et al., 1983). Regional winds can 

generate short-period waves (< 6 s) usually < 1.5 m high, predominantly from the north and 

the north-west (Woodroffe et al., 1983; Swales et al., 2007). 

2.3 Data collection 

Instruments were deployed along a shore-normal transect located on the unvegetated 

intertidal flat to collect hydrodynamic and turbidity data (Table 1). An acoustic Doppler 

current profiler (ADCP) was deployed on the seabed at each site with the transducers 

orientated vertically, looking up towards the water surface (Figure 2.3). ADCPs measured 

vertical current profiles through a set of bins distributed throughout the water column, thus 

providing a velocity profile over almost the entire water column. Water motions close to the 

bed were not measured due to the height above bed (HAB) of the instrument and the distance 

of the first bin from it. The ADCP at site 5 was also able to record wave data, including 

significant wave height, peak wave period and peak wave direction. 

 

Two Concertos were deployed at each site. Concerto instruments are standard underwater 

loggers equipped with multiple sensors to measure a set of environmental variables. From 

each pair of Concertos, one was located on the seabed while the other was located near the 

water surface (Figure 2.4).  

 

Figure Error! Use the Home tab to apply Heading 1 to the text that you want to appear here.-1: Schematic 
diagram illustrating the deployment arrangement.  
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Each Concerto had an optical backscatter sensor (OBS) attached to it. OBSs are used to 

record turbidity. OBSs emit an infrared light that is reflected by suspended particles. The 

backscattered light intensity of the reflected light is measured by the OBS. The measured 

intensity is proportional to the SSC; therefore, the latter can be estimated following a linear 

relationship (MacDonald, 2009). 

From all deployed instruments, only the devices at the subtidal site 5 were submerged 

continuously. The rest of the sites are intertidal, meaning instruments were in and out of the 

water following the tidal cycles. 

Table 2.1 Details of variables measured and instruments details for each site. The brand of the instruments is in 

between brackets. 

Site Variables Instruments Notes 

1 Pressure, Conductivity, Temperature, 

turbidity/ Optical backscatter 

Concerto (RBR) 

(floater)  

• 6 Hz sampling frequency 

• 1024 samples per burst 

• 600 s bursts interval 

• ~20 cm below surface 
 

Concerto (RBR) 

(bedframe) 

• 6 Hz sampling frequency 

• 2048 samples per burst 

• 600 s bursts interval 

• ~20 cm above seabed 
 

Pressure, Velocity profile ADCP (Nortek 

Aquadopp) 

• 40 bins 

• 590 s average interval 

• 600 s profile interval 

• 1024 samples per burst 

• Cell size 10 cm 

• HAB (m) 0.08 

2 Pressure, Conductivity, Temperature, 

turbidity/ Optical backscatter 

Concerto (RBR) 

(floater)  

• 6 Hz sampling frequency 

• 1024 samples per burst 

• 600 s bursts interval 

A) B) 

Figure 2.4 Concerto instruments with OBS attached to a frame. A) Shows the structure that was attached to 

the seabed and B) shows the floating device to keep the instrument near the top of the water column. Source: 

Iain MacDonald. 
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• ~20 cm below surface 
 

Concerto (RBR) 

(bedframe) 

• 6 Hz sampling frequency 

• 2048 samples per burst 

• 600 s bursts interval 

• ~20 cm above seabed 
 

Pressure, Velocity profile ADCP (Nortek 

Aquadopp) 

• 40 bins 

• 590 s average interval 

• 600 s profile interval 

• 1024 samples per burst 

• Cell size 10 cm 

• HAB (m) 0.08 

3 Pressure, Conductivity, Temperature, 

turbidity/ Optical backscatter 

Concerto (RBR) 

(floater)  

• 6 Hz sampling frequency 

• 1024 samples per burst 

• 600 s bursts interval 

• ~20 cm below surface 
 

Concerto (RBR) 

(bedframe) 

• 6 Hz sampling frequency 

• 2048 samples per burst 

• 600 s bursts interval 

• ~20 cm above seabed 
 

Pressure, Velocity profile ADCP (Nortek 

Aquadopp) 

• 40 bins 

• 590 s average interval 

• 600 s profile interval 

• 1024 samples per burst 

• Cell size 10 cm 

• HAB (m) 0.08 

4 Pressure, Conductivity, Temperature, 

turbidity/ Optical backscatter 

Concerto (RBR) 

(floater)  

• 6 Hz sampling frequency 

• 1024 samples per burst 

• 600 s bursts interval 

• ~20 cm below surface 
 

Concerto (RBR) 

(bedframe) 

• 6 Hz sampling frequency 

• 2048 samples per burst 

• 600 s bursts interval 

• ~20 cm above seabed 
 

Pressure, Velocity profile ADCP (Nortek 

Signature1000) 

• 16 Hz sampling frequency 

• 8192 samples per burst 

• 1200 s bursts interval 

• Cell size 10 cm 

• HAB (m) 0.338 

5 Pressure, Conductivity, Temperature, 

turbidity/ Optical backscatter 

Concerto (RBR) 

(floater)  

• 12 Hz sampling frequency 

• 1024 samples per burst 

• 600 s bursts interval 

• ~20 cm below surface 
 

Concerto (RBR) 

(bedframe) 

• 6 Hz sampling frequency 

• 2048 samples per burst 

• 600 s bursts interval 

• ~20 cm above seabed 
 

Pressure, Velocity profile, Significant 

wave height, peak wave period, swell 

direction 

ADCP (RDI) 
• 16 Hz sampling frequency 

• 8192 samples per burst 

• 1200 s bursts interval 

• Cell size 10 cm 

• HAB (m) 0.46 
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2.4 Data quality control and processing 

2.4.1 Concerto data 

The raw data collected by the floating and bed-mounted Concerto instruments was processed 

using the programming languages MATLAB (MATLAB, 2019) and Python 3.7 (Van 

Rossum & Drake, 1995). Some of the Concertos were deployed and collected earlier than 

others resulting in several data gaps. The largest data gap occurred at site 3 where the 

instrument deployed at the water-column surface suffered a complete malfunction and did not 

record any data. The rest of the instruments presented minor data inconsistencies that were 

overcome by choosing a data subset where all instruments were correctly operating. The final 

dataset contained 28 days of data, from the 15th of May to the 11th of June of 2017, both days 

inclusive. 

Data recorded while the instruments were outside of the water was discarded. Valid data was 

burst-averaged in 10 minutes intervals. Incomplete bursts (less than 1024 or 2048 records 

depending on the frequency of the instrument’s sensor) were discarded and not replaced. The 

floater located at site 1 saturated during the first week of the final dataset, when an event 

caused high levels of turbidity. Bursts containing saturated values were removed as it was 

impossible to determine the exact turbidity values at those times. 

2.4.2 ADCP data 

The raw data collected by all ADCP instruments was processed using the programming 

languages MATLAB (MATLAB, 2019) and Python 3.7 (Van Rossum & Drake, 1995). To 

match the Concertos dataset, the ADCP data was also trimmed to same period, from the 15th 

of May to the 11th of June of 2017, both days inclusive. 

Data recorded while the instruments were outside of the water was discarded. Low-quality 

data presented low amplitude values and were also eliminated using specific thresholds for 

each ADCP instrument. Valid data was burst averaged with 10-minutes intervals except the 

wave data at site 5, which was burst-averaged using intervals of 30 minutes. 

2.4.3 OBS calibration 

The instruments were calibrated using in-situ sediment samples to provide a conversion from 

turbidity values in nephelometric turbidity unit (NTU) to SSC in milligrams per litre. The 

samples were calibrated in the laboratory using a 50-litre tank made of steel. For each site, 
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Figure 2.5 Calibration results for all Concerto instruments. A) figure shows floater instruments and B) figure 

shows bedframe instruments. Note site 3 is missing from A) as the instrument malfunctioned during the whole 

experiment. Note vertical axes have a different max value. 

multiple quantities of sediment were progressively mixed in the tank to obtain the turbidity 

values. During the calibration process, four water pumps were installed inside the tank to 

assure the samples were well mixed with the water in the tank. A linear regression was 

applied to each calibration set of data (Figure 2.6), yielding high R² values for each pair of 

instrument-site (Table 2.2). 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.2 Linear regression R² values for each set of calibration data.  

Site 1 2 3 4 5 

R² (floater) 0.99123 0.93739 - 0.99408 0.95283 

R² (bedframe) 0.94644 0.94661 0.94876 0.94972 0.95168 

 

2.4.4 Wave calculations 

The water depth h was obtained from the five Concertos installed near the seabed by 

averaging h(t), which is the time series of the hydrostatic depth for each burst. The 

hydrostatic depth was calculated following the formula outlined by Green & Coco (2007): 

ℎ(𝑡) = [𝑝(𝑡) − 𝑝𝑎)/𝜌𝑔] + 𝑧𝑝                 (2-1) 

where 𝑝𝑎 represents the atmospheric pressure, 𝑔 is the acceleration of gravity, 𝜌 is the water 

density and 𝑧𝑝is the elevation of the instrument’s pressure sensor above the seabed. Density 

of water was calculated from salinity, temperature, and sea pressure (absolute pressure minus 

A) B) 
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10.1325 dbar) applying a computationally efficient 75-term expression (Roquet et al., 2015) 

implemented in the Gibbs Seawater (GSW) Oceanographic Toolbox (McDougall & Barker, 

2011). Salinity was derived from conductivity at given values of in situ temperature and 

pressure using the algorithm of the Practical Salinity Scale of 1978 (PSS-78) (Unesco, 1981; 

Fofonoff & Millard, 1983) implemented in the GSW Oceanographic Toolbox (McDougall & 

Barker, 2011). 

The mean spectral period T was calculated as a reciprocal of the peak frequency f, which was 

calculated by estimating the power spectral density of h(t) using Welch’s method of 

computing an averaged periodgram using the Fast Fourier Transform with a Hann window of 

length 256 and an overlap of 128 values (Welch, 1967). An example of calculated burst 

hydrostatic depth and power spectral density is shown in Figure 2.6. 

The wavelength λ was calculated using the dispersion relation (Philips, 1977; Dingemans, 

1997): 

𝜆 =
𝑔

2𝜋
𝑇2 tanh(

2𝜋ℎ

𝜆
)                   (2-2) 

where an iterative process was carried until the value of λ converged. The angular 

wavenumber k corresponding to T was found by applying: 

𝑘 = 2𝜋/𝜆                    (2-3) 

The significant wave height at the water surface was calculated by: 

Figure 2.6 Example of depth burst data from the bedframe instrument at site 5 during the 18th May at 14:00h (NZST). 

A) shows raw depth data and calculated hydrostatic depth. B) is the detrended hydrostatic depth. C) is the power 

spectral density with a peak frequency (maximum value) at 0.1875 Hz. 
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𝐻𝑠𝑖𝑔 =
4ℎ𝑆𝐷 cosh(𝑘ℎ)

cosh[𝑘(𝑧∗+ℎ)]
                   (2-4) 

and the significant orbital velocity U at the seabed was obtained by: 

𝑈𝑠𝑖𝑔 =
4𝜋ℎ𝑆𝐷cosh(𝑘ℎ)

𝑇𝑐𝑜𝑠ℎ[𝑘(𝑧∗+ℎ)]sinh(𝑘ℎ)
                  (2-5) 

which is the maximum value of the orbital velocity during the wave cycle corresponding to T, 

the depth and the wave height (Green & Coco, 2007).  

No correction was applied to redress the attenuation of the pressure signal at the seabed level. 

The higher frequency components of the wave train are significantly more attenuated than the 

low frequency components, which leads to an overall effect of the period increasing with the 

depth. As a result, calculating significant wave height and period from the pressure data 

becomes a difficult, inexact, task (Green & Coco, 2007). However, in Eqn. 2-4 low values for 

ℎ𝑆𝐷 , the standard deviation of h(t), appropriately result in small values for U no matter what 

the estimated value of T is. 

2.4.5 Current calculations 

The ADCP data consists of three velocity components which were used to calculate the current 

velocity magnitude as a 3-dimensional vector: 

𝑉𝑚 = √𝑢2 + 𝑣2 + 𝑧2                         (2-6) 

where u is the East/West component, v the North/South component and z the vertical 

component of the velocity. 

2.4.6 Sediment fluxes calculations 

SSC and velocity profiles were used to calculate fluxes of sediment at each site. Fluxes were 

calculated to determine if resuspended sediments were being transported ashore, offshore or 

remained static. The flux at each moment in time was obtained using: 

𝑄(𝑡) = √𝑄𝑁−𝑆
2 +𝑄𝐸−𝑊

2                             (2-7) 

where the flux for each component (North/South and East/West) was calculated using two 

methods. The first method assumes a constant vertical profile of SSC across the water 

column, which translates into representing concentration C as a simple average between the 

SSC values near the surface and near the seabed: 
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𝑄𝑁−𝑆
 (𝑡) =

1

ℎ
𝐶 ∑ 𝑢𝑖

𝑛
𝑖=1                                                (2-8) 

𝑄𝐸−𝑊
 (𝑡) =

1

ℎ
𝐶 ∑ 𝑣𝑖

𝑛
𝑖=1                        (2-9) 

with n being the number of ADCP cells. The second method assumes C is equal to the SSC 

near the seabed, therefore completely disregarding the SSC near the surface. Instead of using 

all available ADCP cells only the first two are considered: 

𝑄𝑁−𝑆
 (𝑡) = 𝐶

𝑢1+𝑢2

2
                                          (2-10) 

𝑄𝐸−𝑊
 (𝑡) = 𝐶

𝑣1+𝑣2

2
                  (2-11) 

The net flux at each site was obtained by adding the product of each averaged-burst flux and 

its interval, grouped by tidal cycles: 

𝑄𝑁𝐸𝑇 = ∑ (𝑄𝑁
𝑖=0 (t) * i)                (2-12) 

where N is the number of tidal cycles that occurred during the experiment and i is the 

interval, in seconds, between bursts. 

The direction of sediment fluxes was obtained using: 

𝑄𝑑𝑖𝑟 = tan−1𝑈/𝑉                 (2-13) 

The angles were corrected to match a 360-degree arc with the value 0 aligned to the north 

following a clockwise rotation. To calculate net fluxes over the duration of the experiment, 

the directions of the fluxes were aligned with transect direction to group them into two 

categories: offshore and onshore (Figure 2.8). All fluxes between 0 and 89 degrees and 

between 271 and 360 degrees following the new compass reference shown in Figure 2.8 were 

grouped as offshore. All fluxes between 90 and 270 degrees following the new compass 

reference shown in Figure 2.8 were grouped as onshore. Onshore fluxes were assigned 

positive values while offshore fluxes were assigned negative values. 
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Figure 2.7 Compass aligned with the transect to identify directions of sediment fluxes. Source: LINZ/ESRI. 
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Figure 3.1 Wind rose generated from hourly wind speed and direction obtained from a NIWA weather station located 

near the area of study (-37.21514, 175.45045)  for A)  the dates the experiment took place (from the 15 th of May to the 

12th of June), and B) the period from November 2010 to June 2019, excluding the data from the experiment’s dates. 

3 Results 

3.1 Introduction 

This chapter presents the results and findings from the processed and analysed data. SSC and 

currents are shown in detail at each site. Tidal cycles occurring under different environmental 

conditions are displayed. 

3.2 Environmental conditions 

Data from a nearby weather station is used to analyse the environmental conditions during the 

time the instruments were operating. The data ranges from November 2010 to June 2019. 

Wind speed and direction for both the experimental period and the 2010-2019 period 

(excluding data from the experiment dates) is shown in Figure 3.1. 

 

 

The wind speeds and directions registered during the experiment dates are typical of the long-

term wind patterns known to occur in the area. The minimum and maximum wind speed 

during the experiment were ~0 m/s and 12 m/s, respectively, while the mean speed was 3.1 

m/s. Conditions were similar in the long-term record as wind speeds varied from ~0 m/s to 19 

m/s with a mean speed of 3.6 m/s. 

 
0 ≤ Ws < 2 

 
2 ≤ Ws < 4 

 
4 ≤ Ws < 6 

 
6 ≤ Ws < 8 

 
8 ≤ Ws < 10 

 
10 ≤ Ws < 12 

 
Ws ≥ 12 

Wind 
speed [m/s] 

 

Wind speed 

[m/s] 

B) A) 
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Hourly rainfall measurements during the experiment are shown in Figure 3.2. Only light rain 

occurred during the deployment, with the highest amount (14 mm) recorded on the 27th of 

May. 

Flow discharge data from the Ohinemuri, Piako and Waihou rivers (Waikato Regional 

Council, 2019) was obtained to assess the potential impact of freshwater on the salinity levels 

at each of the sites (Figure 3.3). 

Figure 3.3 Flow discharge every 5 minutes for the Ohinemuri (blue), Piako (orange) and Waihou (green) rivers 

during the experiment. Data obtained from the Queens Head station (-37.414456, 175.794819), the Paeroa-

Tahuna rd. station (-37.514108, 175.506219) and the Te Aroha station (-37.544813, 175.707306) respectively. 

The flow discharge peaked at the beginning of the experiment for the three rivers, 

immediately followed by a steady decrease until the end of the second week, when the flow 

increased again. Towards the middle of the third week all flows were decreasing once again, 

Figure 3.2 Hourly rainfall obtained from a NIWA weather station located near the study area (-37.21514, 

175.45045) during the experiment dates (from the 15th of May to the 12th of June). 
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a tendency that lasted until the last day of the experiment. Although the flow discharge data 

and the rainfall data were obtained from different locations, the increase in all three rivers 

flows was preceded by precipitation, which suggests that conditions were similar across the 

region.  

Salinity levels remained higher at offshore sites (4 and 5) than onshore sites (1 to 3) for both 

the bedframe (Figure 3.4) and the surface (Figure 3.5) Concerto instruments. At the most 

onshore sites, salinity tended to increase during flood tides and decrease during ebb tides, 

with its peak often found at high tide. Salinity at subtidal site 5 always remained high, both 

near the surface and near the seabed, which is expected due to its subtidal location.
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Figure 3.4 Salinity, in practical salinity units 

(PSU), near the seabed for all sites. 

Figure 3.5 Salinity, in practical salinity units 

(PSU), near the surface for all sites. 
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3.3 Waves 

Mean, minimum and maximum values for all variables derived from the data recorded by the 

Concerto instruments placed near the seabed are shown in Table 3.1: 

Table 3.1 Mean, minimum and maximum values for h, Ts, Hs and U at all sites. 

 Depth h [m] Peak period T [s] Significant wave 

height Hs [m] 

Wave orbital 

velocity U [cm/s] 

Site Mean Min. Max. Mean Min. Max. Mean Min. Max. Mean Min. Max. 

1 0.65 0.10 1.43 8.00 1.40 42.60 0.08 0.02 0.27 12.91 2.81 45.14 

2 1.08 0.10 2.02 8.00 1.10 14.20 0.08 0.02 0.37 10.98 1.28 45.20 

3 1.23 0.10 2.59 7.90 0.80 42.60 0.10 0.00 0.53 13.30 0.30 64.11 

4 1.44 0.15 3.12 7.60 0.70 42.60 0.10 0.00 0.70 13.55 0.15 86.93 

5 3.73 1.71 5.61 8.10 2.10 21.30 0.10 0.01 0.87 6.66 0.68 57.36 

 

T and Hs values are similar across all sites although the highest values are found at site 5. 

Calculated mean U values near the bed are larger at sites 1 to 4 and smaller by a factor of two 

at site 5. 

The wave data recorded by an ADCP instrument at site 5 is plotted against the calculated 

wave data from the same site in Figure 3.6. Although the values of h, T and Hs differ, 

temporal patterns are similar, especially during the first week (Figure 3.6 A), when both 

registered and calculated Hs have highest values. 

A) 

 

 

 

 

 

 

 

 



22 

 

Figure 3.6 Wave data from the ADCP (green) vs wave data calculated from the Concerto (blue), both at site 5. 

A) shows the first week, B) the second week, C) the third week and D) the fourth week. The rows of each sub-

figure show (top to bottom) recorded h, calculated T and calculated Hs. 

 

B) 
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3.4 Suspended sediment concentration 

SSC was obtained from measured turbidity at each site both near the surface (~40 cm) and 

near the seabed (~0.15 cm) (Figure 3.7). SSC is generally higher at sites 1, 2 and 3 (Table 

3.2), with maximum values occurring during the first week due to a weather event that 

delivered moderate winds (~7 m/s) and high wave activity (Hs ~1 m), a swell likely to be 

originated outside of the Firth. SSC values are systematically higher near the seafloor than 

near the surface.  

Table 3.2 Mean, minimum and maximum SSC values at all sites for both floater and bedframe instruments. 

Site Type Mean SSC [mg/l] Min. SSC [mg/l] Max. SSC [mg/l] 

1 Floater 265.5 0.5 2106.5 

Bedframe 338.2 1.1 3597.9 

2 Floater 209.6 0.1 2112.6 

Bedframe 216.3 1.5 3602.9 

3 Bedframe 140.9 0.2 3705.8 

4 Floater 43.2 0.6 691.5 

Bedframe 107.3 7.9 1882.5 

5 Floater 14.8 0.0 156.9 

Bedframe 49.3 4.5 1413.6 

 

SSC tends to follow a U-shaped pattern on each tidal cycle; a spike in the early flood and late 

ebb tides with a noticeable decrease in between, at high tide (Figure 3.7). The SSC pattern is 

less obvious at sites 4 and 5 (Figure 3.7 D and E), where the differences between the values 

registered at flood, ebb and high tides are greatly reduced. On some occasions, when the site 

was affected by drops in atmospheric pressure, significant northerly winds and wave activity, 

SSC values at sites 1, 2 remained high during the entire tidal cycle (Figure 3.7 A and B). 

High values of SSC occur when calculated U and Hs values are also high (Figure 3.7). 

Therefore, the resuspension of sediments at the highest concentrations was in part driven by 

the waves and the associated orbital velocities which were greater near the seabed than near 

the surface. Although the highest Hs and highest U were registered during the first week at 

sites 4 and 5 respectively (Figure 3.7 D and E), this did not translate into the highest SSC, 
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likely due to the deeper waters. Higher rates of resuspended sediments on the upper intertidal 

flat suggest an advection of sediments towards or from the fringe of the mangrove forest. 

  

A) 

B) 

C) 



25 

 

D) 
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3.4.1 SSC during fair weather 

Recorded SSC values under fair weather conditions decreased when compared to other 

environmental conditions. Calm weather provided little wave and wind activity, resulting in 

some of the lowest calculated U values. A subset of 6 tidal cycles with average wind speeds < 

3 m/s and recorded Hs (site 5) ≤ 15 cm was used to compare the results under calm 

conditions. The chosen wind speed and wave height thresholds are typical of a force 2 level 

under the Beaufort scale, a state illustrative of light wind breezes and small wavelets (WMO, 

1970). All the calculated wave variables (Table 3.3) and the SSC near the seabed (Table 3.4) 

were consistently low during the analysed tidal cycles. The calculated Hs was ≤ 5 cm in 

average across all sites. Mean derived U was ≤ 7.6 cm/s at all sites. 

Figure 3.7 Timeseries of SSC near the seabed (blue), SSC near the surface (red), U (green) and Hs (black). 

Each subfigure is divided in four rows, one per each week. Subfigure A) site 1, B) site 2, C) site 3, D) site 4 and 

E) site 5. 
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Table 3.3 Variables h, Hs and U during 6 tidal cycles under calm weather conditions. 

Site 

Depth h [m] Significant wave height Hs [m] Wave orbital velocity U [cm/s] 

Mean Min. Max. Mean Min. Max. Mean Min. Max. 

1 0.57 0.26 0.88 0.03 0.01 0.09 6.67 2.80 18.88 

2 1.03 0.42 1.47 0.04 0.01 0.09 6.20 1.77 13.30 

3 1.20 0.05 2.03 0.05 0.00 0.10 7.60 0.30 29.26 

4 1.44 0.13 2.56 0.05 0.00 0.16 7.07 0.25 41.13 

5 3.74 2.41 5.06 0.04 0.01 0.09 3.59 0.92 7.08 

 

Table 3.4 SSC values near the seabed during 6 tidal cycles under calm weather conditions. 

Site 

SSC [mg/l] 

Whole tidal cycle Flood tide Ebb tide 

Mean Min. Max. Mean Min. Max. Mean Min. Max. 

1 41.1 1.0 205.7 49.6 1.0 205.7 31.4 12.6 108.0 

2 20.4 1.6 121.5 22.4 1.6 121.5 18.3 11.3 52.7 

3 15.5 1.7 60.7 18.3 1.7 55.1 11.8 4.5 45.6 

4 14.5 7.9 72.4 16.1 7.9 72.4 12.8 7.9 48.7 

5 10.7 5.8 20.3 10.9 6.4 17.9 10.6 5.8 20.3 

 

Average SSC values near the seabed gradually increased with distance onshore towards the 

forest fringe and were generally higher during the flood tide than on the ebb (Figure 3.8). 

Each SSC value is presented in Figure 3.9, which shows the counts of observations along the 

tidal cycle that fall within the displayed hexagonal bins. For sites 1 to 3, the highest density 

of observations tends to occur towards the high tide mark (0 value) as the number of hours 

either side of the tide changes due to phase shifts. The highest density generally matches the 

lowest values of SSC, which is consistent with the U-shaped pattern detected in the time-

series (Figure 3.9 A, B, C) and suggests a settling period during the high tide. Sites 4 and 5 

present a slightly different pattern, observations are more widely distributed as the 

instruments were submerged for longer periods of time. 

A polynomial regression was used to explore the nonlinear trend between SSC, U and their 

timing during each tidal cycle (Figure 3.10). Regardless of the scale used in the regression 
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plots, SSC shows, for each site, a U-shaped pattern along the tidal cycle. The same pattern 

applies to U although it becomes less pronounced as the distance from the shore increases. 

The flattening effect is obvious at site 5 (Figure 3.10 E), where SSC remained the lowest (≤ 

20 mg/l) among all the sites. 

Mean SSC was higher during flood tides at all sites (Table 3.7) except at site 5 where they 

were very similar. This suggests that site 5 might not show any local resuspension of 

sediment during calm weather but mainly advection of sediments already in suspension. This 

asymmetry between flood and ebb tides at site 5 is visible in Figure 3.8, where most of the 

observations fall within the same plot area. The rest of sites show a more heterogenous 

distribution. In some cases (mostly site 4), high SSC values do not translate into high U 

values, which indicates a potential advection of sediments from other locations. 

Figure 3.8 Wave orbital velocity versus SSC. Blue indicates values during the flood tide while orange indicates 

values during the ebb tide. Circle size depends on the water depth. 
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A) 

C) 

E) 

B) 

D) 

Figure 3.9 Bivariate analogue of the SSC near the seabed across the tidal 

cycle during calm weather conditions. X-axis negative values represent 

values during flood tide while positive ones represent ebb tide. Top and 

right marginal histograms represent the occurrence of variables, in 

percentage, of each axis. Note the different vertical axes. Subfigure A) 

site 1, B) site 2, C) site 3, D) site 4 and E) site 5 



29 

 

 

A) 

C) 

E) 

B) 

D) 

Figure 3.10 Polynomial regression model with 95% confidence interval to 

explore the nonlinear trends of the SSC near the seabed and U in relation to 

the tidal cycle under calm weather conditions. X-axis negative values 

represent values during flood tide while positive ones represent ebb tide. Note 

the different vertical axes Subfigure A) site 1, B) site 2, C) site 3, D) site 4 and 

E) site 5. 
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A detailed view of a tidal cycle under calm conditions is shown in Figure 3.11. A very light 

southerly breeze at the start of the tidal cycle turned northerly without showing an increase in 

speed (< 1.7 m/s).  Wave activity was almost non-existent, with Hs < 10 cm at all sites 

although SSC experienced a visible increase, especially at the shallowest sites (1 to 3), during 

the flood and ebb tides. This pattern is common among the fair-weather days of the dataset.
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Figure 3.11 SSC timeseries under calm conditions (9th of June). A) rainfall, B) wind speed and direction, C) site 1, D) site 2, E) site 3, F) site 4 and G) site 5. SSC near 

surface in blue and SSC near bed in red. 
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3.4.2 SSC under wind and wave forcing 

Tidal cycles coinciding with periods of wave and wind activity provided the highest values of 

SSC (Table 3.5). Wave data recorded at site 5 and wind data was used to identify 6 tidal 

cycles where mean Hs was > 0.3 m and mean wind speed was > 3 m/s. Under these 

conditions, average U was > 20 cm/s at all sites except at site 5 where it was 18 cm/s. 

Table 3.5 Wave variables h, Hs and U during 6 tidal cycles under storm weather conditions. 

Site 

Depth h [m] Significant wave height Hs [m] Wave orbital velocity U [cm/s] 

Mean Min. Max. Mean Min. Max. Mean Min. Max. 

1 0.54 0.10 1.15 0.14 0.06 0.26 25.03 8.76 45.14 

2 0.98 0.30 1.74 0.18 0.05 0.37 24.15 7.33 45.19 

3 1.11 0.01 2.30 0.23 0.05 0.53 31.47 5.18 64.11 

4 1.34 0.08 2.83 0.27 0.08 0.70 34.80 5.31 82.00 

5 3.74 2.31 5.33 0.28 0.05 0.87 18.08 1.63 57.35 

 

The highest SSC were found at sites 1 to 3, with maximum values up to ~3700 mg/l both 

during the flood and ebb tides (Table 3.6). 

Table 3.6 SSC values near the seabed during 6 tidal cycles under storm weather conditions 

Site 

SSC [mg/l] 

Whole tidal cycle Flood tide Ebb tide 

Mean Min. Max. Mean Min. Max. Mean Min. Max. 

1 1612.51 8.68 3597.07 1473.33 8.68 3403.23 1753.66 164.08 3597.97 

2 1110.38 27.40 3602.86 1168.16 27.40 3327.10 1053.20 91.03 3602.86 

3 636.78 64.08 3705.82 720.51 85.73 3705.82 546.82 64.08 2311.01 

4 543.94 31.92 1882.46 623.95 43.89 1882.46 463.52 31.92 1357.49 

5 232.57 13.39 1413.63 187.50 13.84 1093.59 279.55 13.39 1413.63 

 

SSC and U values typically peaked during the early and late stages of each tide but in some 

cases, SSC were elevated during the whole cycle (Figure 3.12). The distribution of 

observations for sites 1 and 2 of both SSC and U differs from those recorded under calm 
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conditions. Sites 3 to 5 display the same U-pattern observed under fair weather although it is 

less prominent (Figure 3.13, D and E). 
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Figure 3.12 Bivariate analogue of SSC across the tidal cycle during 

storm weather conditions. X-axis negative values represent values 

during flood tide while positive ones represent ebb tide. Top and right 

marginal histograms represent the occurrence of variables, in 

percentage, of each axis. Note different axes values. Subfigure A) site 

1, B) site 2, C) site 3, D) site 4 and E) site 5. 

A) 

C) 

E) 

B) 

D) 
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B) 

Figure 3.13 Polynomial regression model with 95% confidence interval 

to explore the nonlinear trends of the SSC near the seabed and U in 

relation to the tidal cycle under storm weather conditions. X-axis 

negative values represent values during flood tide while positive ones 

represent ebb tide. Note different axes values. Subfigure A) site 1, B) site 

2, C) site 3, D) site 4 and E) site 5 

A) 

C) 

E) 

D) 
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Figure 3.14 SSC near the seabed in relation to wave orbital velocity. Blue indicates values during the flood tide 

while orange indicates values during the ebb tide. Circle size depends on the water depth. 

Mean SSC values were similar between flood and ebbing tides (Figure 3.14, Table 3.6) with 

no clear indication that either ebb or flood tides dominate the resuspension of sediments. 

Some of the highest SSC values at sites 1 to 3 do not correspond with high orbital velocities 

Sites 4 and 5 seem to perform according to a more linear pattern, with high SSC values 

coinciding with large orbital velocities. 

3.4.2.1 SSC during a storm event 

The highest SSC values were recorded during an event that occurred over 3 tidal cycles on 

17th and 18th of May 2017 (Figure 3.15 and Figure 3.16). Moderate to fresh breezes (~7 m/s) 

from the north and north-west were frequent during this event, with maximum wind speeds of 

10 m/s (Figure 3.17). Calculated and recorded Hs at site 5 reached its maximum during the 

event (~1 m) likely due to a non-locally generated swell. A rainfall accumulation of 5.5 mm 

was registered during the first five hours of the event. 

The flood tide commenced at approximately 06h on the 17th May with SSC progressively 

increasing during the flood tide, both near the surface and the seabed, particularly at sites 1 to 

3 and to a lesser extent at sites 4 and 5. 

Both Figure 3.15 and 3.16 show how SSC not only peaked during the early flood and late ebb 

tides but throughout the whole tide. This behaviour is particularly evident at site 1, both near 

the surface and near the bed. 
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As the first tide reached each site there was an increase in SSC near the surface of the water 

column and near the bed. SSC dropped before high tide at all sites except at site 1, where 

values stayed high during the whole cycle although site 1 experienced a small drop right in 

the middle of it (Figure 3.17 C). 
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Figure 3.15 SSC values near the seabed during 

a storm event on the 17th and 18th of May 

2017. 

Figure 3.16 SSC values near the surface during a 

storm event on the 17th and 18th of May 2017. 

Note: blank spaces are found during the first tidal 

cycle at site 1 due to the temporary saturation of 

the Concerto instrument. 



39 

 

 

Figure 3.17 SSC timeseries under storm conditions (17th-18th of May). A) rainfall, B) wind speed and direction, C) site 1, D) site 2, E) site 3, F) site 4 and G) site 5. SSC 

near surface in blue and SSC near bed in red.  

D) 

C) 

E) 

F) 

G) 

A) 

B) 
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Significant wave height peaked at the end of the first tidal cycle at sites 4 and 5 (Figure 3.17 

F, G), causing orbital velocity to increase again, especially at site 4 as it was shallower than 

site 5. The same behaviour was observed in the morning of the 18th, where during a slack 

water phase, before the flood tide, waves started to resuspend sediment. Once the flood tide 

kicked in, the SSC levels slightly increased, providing evidence of how the tidal current is 

likely to affect local resuspension (Figure 3.17). 

 

3.4.2.2 SSC during windy event 

On the 20th of May, a change from a north-west gentle breeze (3 m/s) to a high wind (~14 

m/s) is likely to have caused a two and three-fold, site dependant, increase of SSC (in 

average) in between tidal cycles (Figure 3.18). The northerly breeze affecting the first tidal 

cycle created enough local wave activity to result in high rates of SSC at sites 1 and 2, with 

maximum values of 3000 mg/l and 2000 mg/l, respectively.  The second tidal cycle generated 

greater orbital velocities due to the increasing wave activity. Sites 3 to 5 experienced peak 

SSC during the early flood and late ebb tides but sites 1 and 2 showed high concentrations all 

over the tidal phase. The results suggest that despite the tide being in a slack water phase the 

wind-generated waves can keep resuspension levels high if the water depth allows. Sites 2 to 

5 show how wave height kept increasing on the second tidal cycle until right before high tide. 

With winds blowing from the north-west, the fetch area increased as the tide rose, which 

probably did help develop waves with higher Hs (Figure 3.18).  Between the second and the 

third and last tidal phase the wind diminished to ~3 m/s and turned to easterly, which 

translated into lower orbital velocities and lower SSC, although some bursts at sites 1 and 2 

during the early flood phase remained very high (~1400 mg/l).
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B) 

A) 

C) 

D) 

E) 

Figure 3.18 SSC timeseries under north-westerly winds (20th-21st of May). A) rainfall, B) wind speed and direction, C) site 1, D) site 2, E) site 3, F) site 4 and G) site 5. SSC 

near surface in blue and SSC near bed in red. 

F) 

G) 
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3.5 Current velocities 

Velocity components measured with ADCPs and so with multiple bins throughout the water 

column were used to calculate burst-averaged velocity magnitude and direction for each bin 

level. The near-bed water column (i.e., bed to the first bin) could not be measured. In some 

cases, the data associated with the near the surface of the water column also had to be 

discarded for quality control reasons. As a result, some of the data presented in this section 

includes data gaps for the near-bed and surface layers/bins of the water column. 

Table 3.7 shows the minimum, maximum and mean values of velocity magnitude (Vm) 

throughout the water column at each site. The highest magnitude was registered at site 1 with 

the remaining sites having similar maximum values (i.e., ~0.5 m/s). Mean values were similar 

(~0.1 m/s) at all locations. 

Table 3.7 Velocity magnitude Vm at all sites. 

Site 

Vm [m/s] 

Mean Min. Max. 

1 0.14602 0.00509 0.92254 

2 0.10220 0.00100 0.48551 

3 0.13886 0.00100 0.51478 

4 0.16181 0.00100 0.58161 

5 0.18121 0.00100 0.59100 

 

3.5.1 Site 1 

Currents at site 1 were predominantly offshore, even during the flood-phase of tides (Figure 

3.20). The east-west component shows less variability in terms of magnitude and direction 

(Figure 3.19) than the north-south component. Highest velocity speed occurred during the 4th 

tidal cycle of the first week (Figure 3.21 A), coinciding with a period of high wave activity 

(Hs > 0.5 m) and moderate, but strengthening, northerly breezes. Despite the increasing wind 

speeds, the following tides of the 17th and 18th of May exhibited offshore north-west flows 

(Figure 3.21 A), which is somehow unexpected.
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Figure 3.19 East-West velocity component at 

site 1. The black line represents water depth. 

Figure 3.20 North-South velocity component 

at site 1. The black line represents water 

depth. 
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Under moderate westerly breezes, like those occurring on the 19th and 20th of May (Figure 

3.21 A), velocity directions at all levels tended towards the north-east. Strengthening 

southerly breezes during the 2nd and 3rd of June (Figure 3.21 C) caused velocity directions to 

head north-west, regardless of the tide.  

Site 1 exhibits a peculiar behaviour in terms of flow directions as it shows little relation to the 

predominant wind and tide. Offshore flows are generally the norm over the whole time period 

of observations. The dominance of current flow to the north occurs under both storm and fair-

weather conditions.  This is shown in Figure 3.22, which presents the burst-averaged north-

south velocity components for 6 tidal cycles under storm and calm weather conditions. 

B) 

A) 
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C) 

D) 

Figure 3.22 Site 1 timeseries of velocity speed and direction at 0.3 m (blue), 0.5 m (red) and 0.7 m (green) 

height above the instrument’s head (hah). Subfigure A) week 1, B) week 2, C) week 3 and D) week 4. 

Figure 3.21 Mean NS velocity component at site 1 under storm (left) and fair weather (right) conditions. 
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3.5.2 Site 2 

Site 2 registered a more diverse array of patterns than site 1 for both north-south and east-

west components. The east-west component exhibited mostly positive values (Figure 3.23) 

except during the storm of the first week (17th and 18th of May) where three tides in a row 

were westerly dominated. Post-storm conditions and moderate (~7 m/s) but constant westerly 

winds (Figure 3.25 A) provided the highest east-west velocities, peaking during the 20th of 

May (Figure 3.23). 

The north-south velocity components tended to follow a symmetrical tidal pattern, with 

south-directed velocities characterising the flood tide and north-directed velocities 

characterising the ebb tide (Figure 3.24, 3.23). However, wave and wind activity altered this 

tidal symmetry, as observed during the storm of the 17th and 18th of May (Figure 3.24). 

Strong northerly breezes combined with wave activity during these two days provided the 

highest current speeds (Figure 3.25 A). Speed values were slightly higher in the upper part of 

the water column (1.1 hah), likely due to the surface shear by the wind. Current directions at 

0.3, 0.6 and 1.1 m above the instrument’s head rotated from the south, as the tide came in, to 

the north-west, at the end of the ebb tide. 

Strengthening westerly breezes during the 19th and 20th of May resulted in velocity directions 

that consistently shifted from east to north during each tidal cycle. Under these conditions, 

current speeds peaked during the second tidal cycle of the 20th of May, coinciding with the 

highest wind speeds (Figure 3.25 A).
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Figure 3.23 East-west velocity component at 

site 2. The black line represents water depth. 

 

 

 

 

 

 

 

 

Figure 3.24 North-south velocity component 

at site 2. The black line represents water 

depth.
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B) 

A) 

C) 
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Figure 3.25 Site 2 timeseries of velocity speed and direction at 0.3 m (blue), 0.6 m (red) and 1.1 m (green) 

height above the instrument’s head (hah). Subfigure A) week 1, B) week 2, C) week 3 and D) week 4. 

Under fair weather conditions, current speeds exhibited a U-shaped pattern consistent across 

the water column (e.g. Figure 3.25 B). Velocity direction was synchronised with the flood 

and ebb tides, rotating from south to north as the tidal cycle progressed. 

The tidal symmetry in the north-south velocity component is obvious under fair weather 

conditions (Figure 3.26). Storm conditions, by contrast, show a wider range of velocities in 

term of north-south magnitudes, and in some cases display current directions that do not 

match the dominating direction of the tide. A delay of the rotation from onshore to offshore 

during periods of slack water is likely to have caused these variations. 

Figure 3.26 Mean north-south velocity component at site 2 under storm (left) and fair weather (right) 

conditions. 

D) 
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3.5.3 Site 3 

Both east-west and north-south velocity components at site 3 displayed a consistent 

symmetric pattern for each tidal cycle during the observation period (Figure 3.27 and 3.28).  

Tidal cycles under storm conditions caused east-west velocities to be west-dominated and the 

westerly breezes of the 19th and 20th of May seemed to have the opposite effect (Figure 3.27). 

Current velocities presented a U-shaped pattern except during windy conditions (17th, 18th of 

May) when they became more irregular (Figure 3.29 A). 

Velocity directions seemed to concur except when the prevailing winds affected the upper 

part of the water column. The 2nd tidal cycle of the 26th of May (Figure 3.29 C) shows how 

during the receding tide, current near the surface moved from S to N clockwise, while the rest 

of the water column followed a counterclockwise rotation.
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Figure 3.28 North-south velocity component at 

site 3. The black line represents water depth. 

Figure 3.27 East-west velocity component at site 

3. The black line represents water depth. 
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C) 

B) 

A) 
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Figure 3.30 Mean north-south velocity component at site 3 under storm (left) and fair weather (right) 

conditions. 

Figure 3.30 shows a clear symmetrical pattern for the north-south component, no matter the 

conditions, although calm periods provided less variability in terms of magnitude. 

3.5.4 Site 4 

Both east-west and north-south velocity components at site 4 display a consistent 

symmetrical pattern for each tidal cycle (Figure 3.31 and 3.32). The obvious exceptions are 

the tidal cycles under storm conditions during the 17th and 18th of May that caused east-west 

velocities to be west-dominated. East-prevalent flows appeared under westerly breezes (19th 

D) 

Figure 3.29 Site 3 timeseries of velocity speed and direction at 0.3 m (blue), 1.0 m (red) and 1.0 m (green) 

height above the instrument’s head (hah). Subfigure A) week 1, B) week 2, C) week 3 and D) week 4. 
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and 20th of May) (Figure 3.31). The north-south component appeared to follow the tide as it 

oscillated between onshore and offshore directions as the tide rose and fell (Figure 3.32). 

The highest current speeds (~0.6 m/s) were measured during the 18th of May (Figure 3.33 A) 

during the late ebb tide and under moderate north-west winds and high wave activity.
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Figure 3.31 East-West velocity component at 

site 4. The black line represents water depth. 

 

 

 

 

 

 

 

 

 

Figure 3.32 North-South velocity component 

at site 4. The black line represents water depth.
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A) 

B) 

C) 
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Figure 3.33 Site 4 timeseries of velocity speed and direction at 0.6 m (blue), 1.4 m (red) and 2.7 m (green) 

height above the instrument’s head (hah). Subfigure A) week 1, B) week 2, C) week 3 and D) week 4. 

The deeper water at this location provided some examples of stratification as seen in the 2nd 

tide of the 15th of May, when the current direction near the surface moved south to north 

counterclockwise while the levels below followed a clockwise rotation (Figure 3.33 A). 

The north-south velocity components varied during the tide and often peaked in the middle of 

the flood and ebb cycles (Figure 3.34). North-south magnitudes were greater during storm 

periods and present a more heterogenous distribution with more variability than the ones 

registered under calm periods. 

 

Figure 3.34 Mean north-south velocity component at site 4 under storm (left) and fair weather (right) 

conditions. 

D) 
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3.5.5 Site 5 

The north-south velocity component presented a symmetrical pattern during the whole 

experiment (Figure 3.36). The east-west also tended to follow the tide direction but on 

occasions showed differences between height levels (Figure 3.36). The tide of the 18th of 

May at 00h is a good example of stratification as during the ebb tide, the current near the 

seabed headed west while the upper part of the water column flowed towards the east (Figure 

3.36). 

The greatest velocities (~0.6 m/s) were registered on the second week of the experiment, with 

moderate S and W breezes (Figure 3.36). Being the only subtidal site, site 5 provided a wide 

range of current direction and magnitude values throughout the column. The highest 

magnitude near the seabed occurred during storm conditions on the 18th of May (Figure 3.37 

A). At 3.0 m depth, the highest velocities appeared under calm periods with light breezes 

(Figure 3.34 B and C) and always at the end of the ebb tide. Velocities near the seabed under 

calm conditions were generally lower than in the rest of the water column.
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Figure 3.35 East-West velocity component at 

site 5. The black line represents water depth.  

 

 

 

 

 

 

 

 

 

Figure 3.36 North-South velocity component 

at site 5. The black line represents water depth.
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A) 

B) 

C) 
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Figure 3.37 Site 5 timeseries of velocity speed and direction at 1.3 m (blue), 3.0 m (red) and 4.5 m (green) 

height above the instrument’s head (hah). Subfigure A) week 1, B) week 2, C) week 3 and D) week 4. 

However, all velocity magnitudes seem to follow the same U-shaped pattern, peaking during 

the early flood and late ebb tides and experiencing a decrease in slack water periods, both at 

high and low tides (Figure 3.37). 

The north-south component exhibited a homogenous pattern under calm conditions, which 

became more disperse and with greater magnitudes under windy periods (Figure 3.38). 

 

 

 

 

D) 

Figure 3.38 Mean north-south velocity component at site 5 under storm (left) and fair weather (right) 

conditions. 
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3.5.6 Currents during fair weather 

A very light south-westerly breeze at the start of the tidal cycle on the 6th of June turned 

north-westerly during the flood tide without showing an increase in wind speed (< 1.7 m/s) in 

what is an example of currents behaviour under fair weather conditions.  Wave activity was 

almost non-existent, with Hs < 10 cm at all sites. Current velocities at the different elevations 

above the bed increased as the flood tide developed, followed by a decrease during the slack 

water phase at high tide (Figure 3.39). Velocity tended to be higher near the water surface 

than near the bed, but these vertical differences were reduced when magnitudes decreased at 

high tide. This pattern is particularly evident at sites 3 to 5, where  maximum depths were ~3 

m, ~4 and ~5.5 m respectively, while at sites 1 and 2 were ~1 m and ~1.5 m. Regardless of 

the tidal phase, velocity direction at site 1 remained consistently offshore at all measured 

levels (Figure 3.39 D).  

As the flood tide progressively moved towards the upper, the current at the bottom of the 

water column is directed towards the south-east. As the water depth increased, the direction 

across the rest of the water column was also south. At the beginning of the slack water (high 

tide) the direction of the current at the different sites started shifting offshore. But while at 

site 2 the current followed a clockwise rotation, at sites 3, 4 and 5 the current followed a 

clockwise rotation. This change in direction occurred much faster at sites 2 and 3 than 4 and 

5, where it was almost immediate. By the start of the ebb tide all sites displayed north-

directed velocities. 

Other days under similar conditions exposed similar velocity magnitudes. Velocity directions 

during flood and ebb phases were also similar (onshore, offshore) but the way directions 

during slack water periods varied. Sites 4 and 5 often show how directions at 0.6 m hah and 

1.3 m hah respectively followed a clockwise rotation as the water started receding. But for 

the rest of the measured levels directions followed an anti-clockwise rotation. This effect can 

be clearly seen on the 6th of June (Figure 3.33 D and Figure 3.37 D).
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Figure 3.39 Current velocities and directions timeseries under calm conditions (9th of June). A) river flow discharges, B) rainfall, C) wind speed and direction, D) 

site 1 velocities, E) site 2 velocities, F) site 3 velocities, G) site 4 velocities and H) site 5 velocities. 

 

E) 

G) 

A) 

C) 

D) 

F) 

H) 

B) 
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3.5.7 Currents during storm event 

The storm of the 17th and 18th of May yielded the highest average velocities for the 

deployment. A moderate northerly wind (~7 m/s) constantly blew during the entire event 

(Figure 3.40). 

Velocity magnitude peaked during the early flood and the late ebb tide, experiencing a 

decrease in between. Peak values tended to be higher during the ebb phase, especially at sites 

3 to 5. At the shallowest sites 1 and 2 the velocities showed less variability although it might 

be due to the lack of quality data under shallow water, during early flood and late ebb phases. 

Sites 4 and 5 displayed stratification during the ebb tide, particularly in the 2nd and 3rd tidal 

cycles, with magnitudes near the seafloor lower than in the upper part of the column. 

Current direction at site 1 was constantly offshore, despite the northerly wind and the effect 

of the flood tide on the rest of the transect (Figure 3.40 D). The rest of the sites presented 

onshore directions that progressively switched offshore as slack water period transitioned 

toward the receding tide. During the rotation all levels followed a clockwise direction except 

at sites 4 and 5 that followed a counterclockwise rotation. Current flows are likely to have 

more effect in the middle and upper part of the water column at the deeper sites, while a 

different current at a larger scale is affecting the water near the seabed. Since the levels of 

river discharge flows did not experience any significant change during these 3 tidal cycles, 

the different directions might have happened due to a larger circular flow pattern occurring in 

the Firth.
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Figure 3.40 Current velocities and directions timeseries under storm conditions (17th-18th of May). A) river flow discharges, B) rainfall, C) wind speed and 

direction, D) site 1 velocities, E) site 2 velocities, F) site 3 velocities, G) site 4 velocities and H) site 5 velocities. 

 

E) 

D) 

F) 

G) 

H) 

B) 

A) 

C) 
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3.5.8 Currents during windy event 

On the 20th of May, a change from a north-westerly gentle breeze (3 m/s) to a high wind (~14 

m/s) is likely to have doubled current velocities (on average) at sites 2 and 3 in between tidal 

cycles (Figure 3.41). Magnitudes at sites 4 and 5 also experienced an increase between the 1st 

and the 2nd cycle although not as significant as sites 2 and 3. Velocities during the first two 

cycles were similar across the different water levels, showing consistency, in terms of speed, 

across the entire water column. 

Velocity directions were also consistent, with only some discrepancies during the third tidal 

cycle (3.41 E and F) when the wind dropped and oscillated between east and west. The factor 

behind the direction differences between measured levels at sites 2 and 3 is not obvious since 

the wind at this stage had dropped (~3 m/s). The decrease in wind translated into a decrease 

in current speeds across all sites.
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E) 

G) 

A) 

C) 

D) 

F) 

H) 

B) 

Figure 3.41 Current velocities and directions timeseries under NORTH-WEST winds (20th-21st of May). A) river flow discharges, B) 

rainfall, C) wind speed and direction, D) site 1 velocities, E) site 2 velocities, F) site 3 velocities, G) site 4 velocities and H) site 5 

velocities. 
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3.6 Sediment fluxes 

Sediment fluxes at all sites were closely related to the existing currents (Figure 3.42). Periods 

of continuous high current velocity, mainly the 17th, the 18th and the 20th of May yielded the 

highest sediment flux (Figure 3.42), with seaward sediment fluxes at all sites except 3.  

The direction of the fluxes generally followed the tide at all sites except at site 1, where 

fluxes during both flood and ebb tides were consistently offshore-directed (Figure 3.42 A). A 

complete flux rose where sediment fluxes are grouped by magnitude and direction at each site 

is provided in the appendix.  

A) 

B) 
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Figure 3.42 Timeseries of the near bed velocity, instantaneous sediment fluxes magnitude and direction. 

Directions during flood tides are in blue while directions during ebb tide are in red. Each subfigure is divided in 

four rows, one per each week. Subfigure A) site 1, B) site 2, C) site 3, D) site 4 and E) site 5. 

C) 

D) 

E) 
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3.7 Cross-shore sediment-flux patterns 

The different environmental conditions during the length of the study result in different 

responses at each of the sites (Figure 3.43). Under storm and windy conditions (17th and 18th 

May) site 3 experienced fluxes of sediments towards the coast while the rest of the sites 

presented a transport of sediments seawards. During other windy periods, like the 20th of 

May, sediment fluxes at site 2 were directed offshore while at site 3 they were ashore. The 

rest of the days presenting low wind and wave activity caused fluxes to be mainly onshore, 

except at site 1 where the flux was always directed seawards due to the north-dominant 

currents. 

Figure 3.43 Daily sediment flux [kg/m2] at all sites. Negative values indicate offshore flux. 

Figure 3.44 shows how cumulative sediment fluxes evolve over time. While site 3 presented 

a positive and increasing flux over time, the rest of the sites behaved differently. Site 1 was 

consistently suffering from loss of sediments seawards. Site 5 exhibited onshore fluxes most 

of the time, but the total quantity did not exceed the offshore flux, resulting in an overall 

negative flux value (Table 3.8). However, sites 2 and 4 were in near balance while site 3 

ended up with a positive flux as the accumulated onshore flux ended up reversing the 

scouring effect of the storm. 

Table 3.8 Cumulative fluxes at all sites. Negative Q values denote an offshore direction and positive Q values 

indicate an onshore direction. 

Q [kg/m²] Site 1 Site 2 Site 3 Site 4 Site 5 Transect (total) 

Flood -1400 1792 2099 1970 422 4883 

Ebb -1070 -1791 -454 -1831 -1338 -6484 
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Total -2470 1 1645 139 -916 -1601 

Figure 3.44 Cumulative daily sediment fluxes [kg/m²] for all sites. Negative values indicate cumulative offshore 

fluxes. 

3.8 Summary 

SSC at all sites were greater under storm conditions than under fair weather although the 

values recorded under calm periods are not negligible. SSC tended to be higher at the 

locations that are closer to the coast (site 1 to 3) and always greater near the seabed than near 

the surface, regardless of the site. Orbital velocity and SSC tended to peak during the middle 

flood and late ebb tides, matching the pattern displayed by the measured current velocity. 

Winds with a N component can generate wind-driven waves due to the long fetch area, 

resulting in larger wave orbital velocities.  

The results reveal that currents at site 1 were regularly directed offshore, even under periods 

of increasing water level (e.g. flood tides). The rest of the sites exhibited sediment fluxes 

synchronised with the tidal phase. although values tended to be higher during the ebb tide, 

especially under windy periods, resulting in overall negative fluxes (Table 3.8). 

At sites 2, 4 and 5, the storm event of the 17th and 18th of May translated into the highest 

offshore-directed fluxes. This was likely caused by current speed peaking during the ebb tide, 

when SSC also peaked. Calm periods after the event resulted in mainly positive daily fluxes 

although not large enough to overcome the effect of the storm (Figure 3.44). Site 2, 3 and 4 

are the sites that ended up with a cumulative positive sediment flux (Figure 3.44). 
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4 Discussion 

The observed SSC values on the intertidal flats in the experimental area are within the range 

of values reported for intertidal mudflats elsewhere in the Auckland region (Green & Coco, 

2007; Green, 2011). A deployment performed by Lovett (2017) at the same location as my 

study yielded similar concentrations in the fringe of the mangrove forest, with maximum 

values of ~5700 mg/l near the seabed and ~1400 mg/l near the surface. In my study, the 

concentration levels reach a maximum of ~3700 mg/l which, according to the classification 

elaborated by Winterwerp (1999), indicates the presence of low-concentrated mud suspension 

(LCMS) that occasionally turns into high-concentrated mud suspension (HCMS). While 

LCMS (from several 10 mg/l to a few 100 mg/l) does not affect the turbulent flow field 

considerably, HCMS (from a few 100 mg/l to a few 1000 mg/l) tends to interact with the 

turbulent flow field and is transported by the mean flow (Whitehouse, 2000). However, the 

OBS deployed at each site was placed ~20 cm above the seabed, therefore higher 

concentrations may have occurred within the lower part of the water column, with the 

potential to reach the limit defining fluid mud, ~10,000 mg/l, defined by Kineke et al. (1996), 

especially at the upper intertidal sites.  

Increased concentrations at the shallower sites and noticeably higher values at the bottom of 

the water column across the transect match the trends found in similar environments both in 

New Zealand (Green & Coco, 2007; Lovett, 2017) and overseas (Wang et al., 2012; Shi et al., 

2016; Zhang et al., 2016). The presence of two peaks of SSC at the beginning and at the end 

of the tidal cycle is a common occurrence on accreting intertidal flats (e.g., Wang et al., 

2012) and in large intertidal/wave-dominated estuaries (e.g., Green et al., 1997), among 

others. This “surge phenomenon” (Zhang et al., 2016) or “turbid fringe” (Green at al., 1997) 

is caused by high current velocities and orbital motions under increasingly asymmetric 

shoaling waves occurring when the tidal front reaches the site of study, both during the early 

flood and the late ebb phases. Green et al. (1997) analysed the interaction between currents 

and waves at different scales in the Manukau Harbour and determined that waves are the 

main mechanism behind the local resuspension of sediments. Changes in the fetch area that 

had an impact on estuarine waves and subtle wind speed variations, which would influence 

the capability of the subsequent orbital velocity to disturb the seabed, depending on the water 

depth driven by tide, were signalled by Green et al. (1997) as the drivers behind the U-shaped 

pattern of U and SSC. 
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Despite the difference between SSC values near the bed and near the surface, both heights 

show similar fluctuations across sites. In some occasions, SSC near the bed and near the 

surface become very similar, which indicates an absence of stratification in terms of 

suspended matter. This is visible at the subtidal site 5 under very calm weather (Figure 3.11) 

and at the upper flat sites 1 and 2 under storm and windy conditions (Figure 3.7 A and B), 

likely to be the result of a relatively shallow depth and a well-mixed water-column under 

significant wave activity. 

Mechanisms and timing of sediment resuspension vary between sites. Most of the highest 

SSC events are related to periods of large current velocities occurring during periods of high 

wind and wave action at the early-mid flood and mid-late ebb tides, which points to a 

resuspension of local bottom sediments. The response to wave activity (Hs ~1 m) at the lower 

intertidal and subtidal sites (4 and 5) is clear during the event of the 17th and 18th of May 

week (Figure 3.7 D and E). A swell system likely coming from the outer Firth along with 

moderate winds (~7 m/s) can generate velocities large enough (> 45 cm/s) to resuspend large 

amount of sediments (~1500-2000 mg/) despite the relatively large water depth (~2.5 to ~5.5 

m) (Figure 3.17 F and G). In spite of the stronger northerly winds (~13 m/s, 20th and 21st of 

May), the lack of large waves seems to be the reason behind the smaller, but not negligible, 

SSC values (peaks of ~500 mg/l at site 4 and ~100 mg/l at site 5) during this period (Figure 

3.17, 3.18 F and G). Resuspension of sediments at the base of the flat is dominated by 

sporadic swells entering the Firth from the north and infrequent, strong winds. Green (2011) 

reached a similar conclusion when studying an intertidal flat in the Tamaki estuary. 

By contrast, the middle and upper intertidal-flat sites (1 to 3) are shallow enough to be 

affected by local winds, regardless of the presence or absence of large waves. SSC values 

during the moderate northerly breezes of the 23rd and 24th of May reached significant values 

at sites 1 (~1900 mg/l), 2 and 3 (~500 mg/l) even though the maximum calculated Hs was 

less than 20 cm. Days under calm conditions were frequent during the experiment (~80% of 

the time) and were characterized by light winds and associated wind waves, that appear to 

dominate the resuspension in the upper intertidal. Green (2011) obtained similar results under 

similar conditions and showed that: 1) very small wind waves under fair weather are capable 

of resuspending local sediments in concentrations higher than 120 mg/l and 2) frequent, light 

winds dominate the resuspension of sediments in the shallower parts of the intertidal flats. 

The present study did not include detailed and local sampling of wind characteristics but, as a 
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result of this study, it appears evident that detailed measurements of wind dynamics are 

needed to fully resolve wave-induced sediment resuspension and flow circulation patterns. 

Averaged currents across the transect are similar in magnitude and show an increase when 

measured under windy and storm conditions (Table 4.1). Currents are stronger during the ebb 

tide than during the flood tide, regardless of the conditions, indicating that the intertidal flat is 

likely to be ebb-dominant with export of fine suspended sediment to the subtidal zone 

(Aubrey, 1986; Green et al., 2000). Large intertidal mudflats in different locations but under 

similar environmental conditions display similar patterns (Shi et al., 2016). While the interior 

of the mangrove forest of the southern Firth is flood-dominant (Lovett, 2017), the regime 

varies at the fringe of the forest, turning into an ebb-dominant system (Lovett, 2017).  

Table 4.1 Velocity magnitude Vm in average at all sites. Values are shown by tidal cycle and conditions (calm 

conditions vs storm or/and windy conditions). 

Vm [m/s] Site 1 Site 2 Site 3 Site 4 Site 5 

Flood/calm 0.11 0.1 0.16 0.15 0.14 

Flood/storm 0.17 0.16 0.20 0.20 0.18 

Ebb/calm 0.17 0.10 0.10 0.14 0.14 

Ebb/storm 0.2 0.19 0.17 0.20 0.19 

 

The measured currents at site 1 show an uncommon behaviour since they are always 

offshore-directed, an unexpected but already recorded result in a different deployment at the 

same location (Lovett, 2017). The prevailing westerly and south-westerly winds are known to 

create a counterclockwise large-scale circulation known to trap fine sediments within the 

central Firth (Healey, 2012; Swales et al., 2007), which could be responsible for seaward 

flows. However, the experiment was carried on for long enough to encompass a wide variety 

of wind conditions (Figure 3.1) and the offshore-directed current did not change significantly 

(Figure 3.21). A 3-dimensional numerical model developed by Black (1998) was used to 

investigate the interactions between wind, waves and bathymetry and their effects on the 

currents in the Hauraki Gulf, including the Firth of Thames (Black et al., 2000). The study 

partially concluded that on some occasions currents might be wind-opposed as a result of 

deviation caused by the topographical characteristics of the area. However, this is probably 

not the reason behind the constant seawards current at site 1 as such effect would likely have 

an impact on nearby sites 2 and 3. Nevertheless, currents at site 1 are causing the measured 

overall cumulative offshore fluxes (Table 3.8). The other sites present fluxes mainly in sync 
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with the water levels, with positive values during the flood tide and negative values during 

the ebb tide. The larger currents during periods of windy and wavy activity translate into 

larger fluxes, especially during the ebb tide. This variation between onshore and offshore 

fluxes depending on the environmental conditions is generally observed in other intertidal 

flats across the world. 

Wang et al. (2012) encountered a similar situation while studying sediment transport 

processes on an accretional intertidal flat in the Jiangsu coast of China. The net sediment 

transport patterns revealed a point of convergence in the upper intertidal where offshore 

fluxes originated near the coastline met onshore fluxes from the medium and lower intertidal 

(Figure 4.1). 

The shape of the tidal flat in the case of Wang et al. (2012) is composed by two visible parts 

in Figure 4.1; a trough in the upper part and a bulging mid-lower part, with the converging 

point at the boundary. It is possible that a point of convergence exists in the intertidal flats of 

the southern Firth although the bathymetry dataset from Mackay et al. (2012) does not 

provide an appropriate spatial resolution to determine this for my study site. In Wang et al. 

(2012) study, the accreting intertidal flat is undergoing land reclamation, which from a 

physical perspective draws some similarities with the intertidal flats of the southern Firth, 

where the mangrove forest could be acting as a “reclaiming” agent as it progressively 

colonises the adjacent flats (Swales et al., 2007; Swales et al., 2015; Balke et al., 2015). The 

net sediment transport patterns in the intertidal flat of the Firth are similar to those described 

in Wang et al. (2012); an offshore flux in the upper intertidal and an onshore flux in the 

Figure 4.1 Net sediment transport patterns crossing the intertidal flat. From Wang et al. (2012). 
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medium intertidal while a net offshore flux occurs at the lower end of the transect (Figure 

4.3). 

An analysis of sediment cores extracted from a transect within the nearby forest was used by 

Swales et al. (2015) to try to discern the way mangroves have been colonising the adjacent 

mudflats in the southern Firth since the 1960s. They identified how mud depocentre 

developed on the flats about ~300 m seaward during the 1970s. This depocentre likely 

benefited from long periods of benign weather, subsequently favouring flocculation and 

depositing processes occurring during periods of slack water. Thus, the depocentre 

experienced rapid progradation that semi-isolated the old forest from wave action, allowing 

the newly created basin to gain the necessary elevation to be further colonised by mangroves 

(Figure 4.3). Therefore, it is possible that a new depocentre is currently being formed at the 

point of convergence although further evidence of deposition and a new elevation survey 

would be required to assess such hypothesis. 

 

 

 

 

 

 

Figure 4.2 Net sediment transport patterns crossing the transect as derived from the cumulative fluxes obtained 

at each site. Transect elevation obtained from the Hauraki Gulf bathymetric dataset (Mackay et al., 2012). Red 

arrows indicate offshore net fluxes while green arrows indicate onshore fluxes. The size of the arrows is 

relative to the magnitude of the flux at each site (Table 3.8). 



77 

 

   

Figure 4.3 Conceptual model of biogeomorphic evolution of the tidal flat-mangrove forest complex, southern 

Firth of Thames (1963-2005). From Swales et al., 2015. 
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A detailed survey performed by NIWA in 2017 covering a portion of the mangrove forest, the 

fringe of the forest and 200 m of intertidal flats, following a perpendicular direction to the 

coastline is shown in Figure 4.3.  

Unfortunately, the elevation profile only covers half of the distance between sites 1 and 2, 

making it difficult to confirm or discard the hypothesis of the existence of a convergence 

point between them. If an elevated point was to appear in a detailed profile it could indicate 

the presence of a prograding bar located in parallel to the mangrove forest. The existence of a 

bar could help explain the unceasing offshore fluxes at site 1 and potentially contribute to 

previous biogeomorphic evolution theories covering how the intertidal flats accrete and how 

the mangrove forest progressively expands seawards. 

 

  

A) 

B) 

C) 

Figure 4.4 Elevation profile of the upper part of the transect, including a small of forested area, the fringe of 

the mangroves and approximately 200 m of intertidal mudflats. A) middle of the transect, B) west of the 

transect, C) east of the transect. Data from NIWA (July 2017). 
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5 Conclusions 

5.1 Introduction 

This chapter presents a summary, a list of conclusions and a set of recommendations for 

further research. 

5.2 Summary 

Intertidal flats are highly valued areas from an ecological and a socio-economic perspective 

as they support highly productive ecosystems and provide habitat for a wide variety of 

wildlife, particularly fish and benthic species (Allen & Pye, 1992; Dyer et al., 2000; Barbier, 

2013). Mudflats are known to act as coastal defences as they are capable of dissipating wave 

energy and trap sediments (Kirby, 2000; Temmerman et al., 2012). The southern Firth of 

Thames has seen an expansion of the mangrove forest since the early 1960s, with a 

progressive colonisation of the adjacent intertidal mudflats as these achieve a certain 

elevation (Swales et al., 2015) and the environmental conditions are favourable for seedlings 

to establish (Balke et al., 2015). The physical processes leading to the erosion, accretion and 

alteration of the intertidal flats is relevant for coastal management and environmental 

preservation. It is of particular interest to understand the long-term evolution of the coastline 

of the southern Firth of Thames for the following reasons: 1) it is the shield between the sea 

and the Hauraki plains, 70% of which is currently used for dairy and sheep farming, which 

might be under threat due to sea-level rise and 2) it hosts 8,500 ha designated as wetland of 

international importance under the Ramsar Convention (Cromarty, 1996), being an important 

breeding and roosting place for multiple species of waders. The transport of sediments across 

the intertidal flats is major driver of the southern Firth’s long-term morphological evolution 

and the intent of this thesis has been to contribute to the understanding on how the flats 

accrete and expand. 

5.3 Conclusions 

The concluding findings are: 

1. SSC near the seabed was consistently higher than near the surface at all measured 

sites. 
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2. SSC was higher at the sites located in the upper-mid intertidal than the lower intertidal 

and subtidal sites, which corroborates the hypothesis that SSC and wave orbital 

velocities increase as the distance to the shore decreases.  

3. A “turbid fringe” (Green at al., 1997) observed in the early flood and late ebb tide 

phases substantially increases near-bed SSC values by the order of a few thousands of 

mg/l in the upper intertidal, a few hundred in the middle intertidal and a few tens in 

the subtidal of the flats. 

4. Periods of wind activity result in larger currents and waves that translate into higher 

amounts of SSC. 

5. Calm weather periods tend to favour the advection of sediment landwards (except at 

site 1) 

6. Storms and windy periods cause net sediment fluxes to be offshore-directed, which 

refutes, at least partially, the hypothesis of sediments being advected landwards. 

7. The persistent offshore currents and related sediment fluxes at site 1 indicate the 

potential presence of a point of convergence between the upper and the middle 

intertidal (site 2). The presence of a theoretical prograding bar parallel to the 

mangrove forest is a new hypothesis that remains to be investigated. The bar could be 

a critical part of the processes that are responsible for the expansion of the mangrove 

forest seawards. 

 

5.4 Further research 

Previous studies have demonstrated the importance of the processes that occur in very 

shallow water (> 0.2 m) although not many have explored what happens under these 

conditions. This is partly because of the complications of deploying instruments and gather 

data in very shallow water (Green & Coco, 2014). However, there are successful precedents 

that estimate that small waves in very shallow water can be responsible for more than a third 

of the total bed-level changes during a full tidal cycle (Shi et al., 2017). Future measurements 

of SSC and currents in very shallow water would complement this thesis and provide a more 

accurate set of results, particularly with respect to sediment fluxes. A higher turbidity vertical 

resolution would also be of benefit as instead of calculating fluxes solely based on SSC near 

the seabed, one could take advantage of the entire concentration profile. 
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A detailed elevation profile of the bed elevations along the instrument transect is needed to 

test the existence of a point of convergence of sediment fluxes between sites 1 and 2. The 

presence of a prograding bar could help understand the expansion of the mangroves but at 

this stage, it is only an hypothesis that needs to be evaluated. 

The dataset collected for this study could be re-used to attempt to estimate SSC from the rest 

of hydrodynamic variables using a machine learning approach. Although this technique often 

yields results only relevant to the related location, it would potentially contribute to the 

understanding of how SSC behaves in the intertidal flats of the Firth of Thames.
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6 Appendix 

Sediment fluxes 
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Figure 6.1 Sediment fluxes at site 1. Bar size denotes frequency of flux direction and colours denote flux 

magnitude. 

Figure 6.2 Sediment fluxes at site 2. Bar size denotes frequency of flux direction and colours denote flux 

magnitude. 
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Figure 6.3 Sediment fluxes at site 3. Bar size denotes frequency of flux direction and colours denote flux 

magnitude. 

Figure 6.4 Sediment fluxes at site 4. Bar size denotes frequency of flux direction and colours denote flux 

magnitude. 
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Figure 6.5 Sediment fluxes at site 5. Bar size denotes frequency of flux direction and colours denote flux 

magnitude. 
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