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Abstract 

Large, pulsed inputs of hillslope sediment delivered to gravel-bed rivers are often transported as 

‘waves’ of material, modifying transport capacity as they accumulate and evacuate, altering river 

morphology. In particular, the alteration of bed surface texture is important, as this has direct 

implications for sedimentary and hydraulic processes, and ultimately in-stream habitat and flood risk. 

It is difficult to detect and accurately measure bed surface changes in real-world fluvial systems; 

however, with emerging technologies in the realm of sUAS, SfM, photosieving and roughness 

estimation it is now possible to rapidly quantify the textural changes associated with the passage of a 

sedimentary wave. The largest landslide triggered in the 7.8 Mw, 2016 Kaikōura earthquake dumped 

approximately 13M m3 of sediment into the Hapuku River, inducing dramatic morphological changes 

within the valley-confined downstream reaches. This study leverages emerging technologies to 

investigate subsequent changes to the grain-size distribution, effective roughness and facies unit 

assemblage of a site downstream of a steep canyon, during the initial build-up and migration of a wave 

of this pulse material. Four repeat sUAS surveys were completed between April and September, 2019, 

and were used to create sub-centimetre resolution SfM models. A new method for the extraction of 

surface grain-size distributions was then tested, pairing high-resolution orthomosaics with Purinton & 

Bookhagen's (2019a) edge-detection tool, PebbleCountsAuto. Effective roughness was extracted from 

the dense point cloud surfaces, and both measurements were used to quantify texture change and 

assist surface mapping of the site’s facies assemblage alterations. Changes to bed texture were also 

related to ongoing processes of aggradation and erosion, based upon bed elevation change revealed 

by coeval airborne LiDAR surveys, collected in parallel research. Over the survey period, the bed surface 

grain-size distribution showed a significant change, at the 95% confidence level. D50 and D84 percentiles 

decreased by 6.7% and 10.1% respectively between July and September 2019, as the proportion of new 

wave material increased. The standard deviation of the grain-size distribution also lowered by 17%, 

indicating the improved sorting of the surface sediment mixture as the wave deposits buried and infilled 

the previously heterogeneous surface gravel units. This was also reflected in the 38% decrease in site’s 

effective roughness and the 17% increase in the aggradation-linked facies units that characterised the 

surface of the wave deposit’s downstream end. Overall, the final results revealed the fining, smoothing 

and homogenising effects of wave arrival upon the site’s bed surface, while also presenting a real-world 

example for the application of emerging technologies for pulse research at the bed surface scale. The 

findings also emphasised the necessity of a multi-faceted approach to bed assessment, using facies 

assemblages to give spatial context to wave migration effects, something that is lost when considering 

averaged roughness and grain-size values alone.  
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Chapter 1. Introduction 

1.1 CONTEXT 

Gravel-bed river systems are frequently influenced by the introduction of large pulses of sediment, 

often transported as waves of material. As rivers move this surplus of sediment from one reach to the 

next it can modify the system’s transport capacity (thus propagation of the wave) through altering its 

width/depth ratio (planform morphology), steepening its bed, and via textural change. By quantifying 

this textural change by examining surface grain-size, roughness and facies organisation it is possible to 

define the impacts of sediment wave migration upon the river’s surface, identifying at-risk areas and 

informing numerical modelling that can be used for flood and habitat management. 

The introduction of sediment pulses into rivers following disturbance events is a widely recognised 

phenomenon (Roering et al., 2009), posing complex challenges to geomorphic enquiry and river 

management as they disrupt sediment regimes (Nicholas et al., 1995). Within gravel-bed rivers the 

grain-size characteristics of the system are often controlled by these large inputs of sediment (Lisle et 

al., 2001; Morgan & Nelson, 2019). Initial pulse material migrates through systems as waves (Gran & 

Czuba, 2017), altering the development of coarse surface layers (Dietrich et al., 2006), bedform units 

(Kleinhans et al., 2002; Venditti et al., 2019) and the organisation of grain-sizes into facies patches 

(Morgan & Nelson, 2019; Nelson et al., 2009). The temporal and spatial patterns of bed material grain-

size and roughness are important to consider as they play key roles in controlling river process and 

form, habitat stability, safety of in-stream infrastructure and overall flood risk (Maturana et al., 2014; 

Morgan & Nelson, 2019; Nelson & Dubé, 2016; Rice et al., 2009). The facies patch organisation of gravels 

also controls habitat suitability, and has a broader influence upon turbulence and preferential sediment 

transport, affecting the rate of sediment passage (Powell, 1998).  

While the importance of understanding bed material change during disturbance is widely 

acknowledged, the quantifications of pulse impacts in modern, real-world sites is difficult (Korup et al., 

2010). Previous field studies investigating the migration of sediment waves have focused on broader 

geomorphic changes (e.g. Hoffman & Gabet, 2007; Kasai et al., 2004a; Sutherland et al., 2002). Others 

have touched upon the quantification of grain-size or surface texture change, but have been confined 

primarily to flumes (e.g. Cui et al., 2003; Humphries et al., 2012; Nelson et al., 2015; Sklar et al., 2009; 

Venditti et al., 2010) or numerical modelling (e.g. Cui & Parker, 2005; Lisle et al., 2001; Maturana et al., 

2014). This is understandable given the complexity of tracking sediment waves, typically migrating 
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either too slowly to collect effective data (Morgan & Nelson, 2019), or extremely suddenly during high-

flow events, making monitoring difficult. Furthermore, the manual collection of grain-size and gravel 

texture data is time-consuming and flawed (Bunte & Abt, 2001; Butler et al., 2001), especially when 

secondary information such as roughness is of interest (Church et al., 1987). 

In an era of semi-automated geomorphic technologies, new advancements in small unmanned aircraft 

systems (sUAS) and structure from motion photogrammetry (SfM) can allow high-resolution 

reconstructions of field sites, down to the millimetre scale (Eltner et al., 2016; Verma & Bourke, 2019). 

When paired with tools in grain-size estimation via photosieving or image textural analysis it is possible 

to create new methodologies that offer a solution to the difficulties of field-based grain-size data 

collection (Carbonneau et al., 2018; Woodget et al., 2018). Furthermore, similar methodologies 

combining SfM with roughness assessment tools can provide additional information on bed material 

texture, providing effective roughness values and allowing mapping of gravel organisation at the facies 

scale (Pearson et al., 2017; 2019). These recent technology advancements offer new opportunities to 

decode the effects and behaviour of sediment pulses/waves, down to small, but significant bed surface 

changes. They have the potential to estimate grain-size distribution and spatial facies organisation at 

greater levels of detail and accuracy than can be achieved from traditional field techniques or large-

scale aerial images (Neverman et al., 2019). 

The 2016 Kaikōura earthquake provides a unique opportunity to assess the initial changes to bed 

material size and organisation caused by wave arrival in a gravel-bed river. The event introduced a large 

pulse of material into the Hapuku River, creating a landslide dam that has begun to erode and migrate 

downstream as a sediment wave. The wave has caused remarkable aggradation in the upper reaches 

of the catchment and by 2019 had migrated into the accessible mid-reaches. Over two years a train of 

aggradation has extended over 8km, providing a rare opportunity for monitoring the immediate effects 

of wave migration upon surface grain-size, roughness and facies organisation in a gravel-bed system. 

The initial pulse has a known start date, albeit with few other confounding sediment sources and has 

been migrating at a rate that made repeat surveying over a six-month period appropriate for capturing 

significant change within a mid-reach location. Taking advantage of this unique wave event, sUAS and 

SfM technologies were paired with roughness assessment (using the software CloudCompare), and the 

latest in photosieving edge-detection tools (the previously untested PebbleCounts by Purinton & 

Bookhagen, 2019a) to capture surface grain-size, roughness and facies organisation adjustments. Other 

parallel research assessing topographic change within the Hapuku catchment also assisted in the final 

morphological interpretations of the texture results.  
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In an era of semi-automated data collection (Carrivick & Smith, 2019; Fryirs et al., 2019) where it has 

become the norm to utilise tools to capture bed material information (Carbonneau et al., 2018) it is 

important to test the capabilities and resolution of these emerging technologies and methods. 

Furthermore, it is important to utilise these technology advancements in a real-world setting to 

capture, in detail, the small-scale impacts of wave migration upon bed-surface, outside of flume or 

numerical modelling scenarios.  
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1.2 STUDY AIMS 

This study aims to assess gravel-bed surface changes over a 6-month period in an aggrading confined 

reach of the Hapuku River, as a sediment wave migrates through it. The river reach is steep, and 

relatively coarse grained; this study will characterise changes to both mesoscale (facies assemblage) 

and grain-scale texture of the active alluvial surface. Beyond providing specific results for the Hapuku’s 

response to wave migration this also offers an opportunity to test new semi-automated tools in a real-

world sediment wave scenario. The latest tool in photosieving-based grain-size estimation will be paired 

with roughness measurements and applied to high-resolution SfM-based point-clouds and 

orthomosaics. These tools can then be validated and compared with traditional field sampling results. 

By using these tools, the following research question will be investigated: 

How will the passage of a sediment wave effect the bed surface characteristics of grain-size, 

roughness and overall facies unit assemblage within a mid-reach of the Hapuku River?  

In order to fully decode the changes that occurred in the Hapuku River study site during wave arrival 

multiple study aims will be separately explored. Different types of textural change (grain-size, 

roughness, facies organisation) will be examined and used to ultimately summarise the effects of the 

sediment wave’s initial impacts upon the bed’s surface characteristics. 

The aims are: 

1 To investigate the impacts of wave arrival and consequent aggradation on grain-size distribution in 

the Hapuku study site, using traditional sampling and a new methodology implementing high-

resolution orthomosaic imagery with a semi-automated grain-size estimation tool. 

 

2 To investigate the effects of wave material infilling and burial upon surface roughness, using high-

density point clouds.  

 

3 To assess the changes of bed surface facies assemblage and proportion with wave material arrival 

via high-resolution mapping, utilising SfM, grain-size and roughness tools to improve upon 

traditional mapping for capturing unit change. 
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1.3 STUDY SITE 

The Hapuku River is a gravel-bed river flowing through the seaward Kaikōura ranges on the East coast 

of New Zealand’s South Island. The 5th order, 20km long river is situated within a 135.2km2 catchment 

(Figure 1), with a single major tributary, the Puhi Puhi River (LAWA, 2019). Overall the river is short and 

displays steep slopes typical of the Kaikōura region river systems (Chandra, 1969), with slopes grades 

of greater than 10%. The main Western tributary of the Hapuku displays seemingly wandering 

characteristics in its upper reaches, confined by steep valleys that narrow into canyons in a few 

locations (Figure 2). In the upper reaches past evidence of debris flow disturbance is apparent, with 

sub-surface and surface D50 grain-sizes of 32mm and 64mm respectively. In its lower reaches the river 

becomes partially confined by paired terrace suites (Davies, 2017) and becomes more braided, with 

increasing channel widths. Agriculture and infrastructure have been established in the lower reaches 

of the river, with a major State Highway 1 bridge crossing 2.5km before the coast. Some minor gravel 

extraction is also occurring in the lower reaches, taking advantage of the river’s currently high sediment 

load (NCTIR, 2017). Little anthropogenic land-use change has occurred in the upper reaches of the 

catchment, with native vegetation and bare earth/bedrock being the dominant land-cover types at 55% 

and 25% respectively (Jones, 2017). Multiple native species live in and around the river, most notably 

the Banded Dotterel, which breeds in the dry gravel-bed areas (Hallas, 2003).  
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Figure 1  

The Hapuku River location in the context of New Zealand’s South Island. The catchment’s extent is 

indicated in light blue. Active faults (from GNS Science, 2019) are indicated in red. 
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Figure 2  

The Hapuku River as of May 2019. Study site and key canyon sections are indicated, along with the 

2016 landslide dam and lake position. 
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1.3.1 Tectonics and Geology 
 
The Kaikōura region is a prime example of an actively uplifting, dynamic New Zealand landscape, 

located at the transitional boundary between the subducting Pacific and Australasian tectonic plates 

(Rattenbury et al., 2006). Complex oblique dextral strike-slip movement along the Alpine fault has given 

rise to the steep, heavily faulted seaward mountain ranges, which have become dissected by the local 

rivers (Chandra, 1969). At the more local scale, the 150km-wide Marlborough fault system causes 

further tectonic disturbance (Little & Jones, 1998), with highly active strike-slip faults causing frequent 

seismic activity (2004). The Hope fault zone is the main source of tectonic disturbance within the 

Hapuku catchment, with impacts of past seismic activity captured in scarp surfaces throughout the 

catchment and surrounding area (Wellman, 1953). Within the catchment splays of the Kowhai fault 

introduce more minor tectonic displacement (Barrell, 2014). Overall baseline horizontal slip rates along 

the Hope fault have been estimated between 1.7-7.5mm/yr (Knuepfer, 1984; Van Dissen & Yeats, 

1991), although these rates may differ following the 2016 earthquake event. 

The region is characterised by complex faulting, but relatively simple lithology. The catchment bedrock 

is predominantly strong, Mesozoic-age quartzofeldspathic sedimentary rock (Bradshaw, 1989), overlain 

by relatively deep soil horizons (Gibbs et al., 1953). The lower reaches of the Hapuku flow through fan 

material, estimated to be deposited and preserved during the Otiran Glacial period, which have since 

been incised to create paired terraces (Figure 3) (Chandra, 1969).  
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Figure 3  

Geomorphic map of the Hapuku River and surrounding catchment, adapted from Chandra (1969) and 

Bell (1976).  
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1.3.2 Climate 
 
The form and behaviour of the modern Hapuku River system has been heavily influenced by the 

boundary controls of past climate regime. Glacial to interglacial oscillations during the late Quaternary 

saw fluctuations in the sediment yield of the hillslopes in the Seaward Kaikōura Ranges (Bull & Knuepfer, 

1987). Glacial, semi-arid periods were associated with an increase in sediment supply to the rivers, 

exacerbated by denudation due to lack of vegetation under colder temperature regimes (Davies, 2017; 

Newnham et al., 1999). This increased sediment supply led to aggradation in the river, further amplified 

by lower sea levels during the last glacial maximum. During this time the Hapuku River had to flow an 

additional 13km to the coast, prompting aggradation to increase the river’s slope and allow sediment 

transport to the river mouth (Davies, 2017). The following interglacial Holocene period has been 

associated with river incision as revegetation under warmer, wetter conditions paired with increased 

river discharge (Bull & Knuepfer, 1987; Davies, 2017). The Hapuku River therefore has been 

predominantly incising through the glacial fan deposits throughout the Holocene, forming steep paired 

terraces that semi-confine its lower reaches.  

 

The contemporary climate of Kaikōura is warm and temperate. The region experiences relatively 

consistent rainfall year-round (Macara, 2016) averaging 1750mm in the headwaters (LAWA, 2019). The 

consistent annular rainfall is often punctuated by cyclonic events originating in the tropics. These 

climatic disturbances have been attributed as playing a key role in both sediment input from landsliding 

(Bell, 1976) and interruption of the armouring layer in the local rivers resulting in remobilisation of 

stored material (Bull & Knuepfer, 1987). Recent events include 2018’s Cyclone Gita and 2019’s Cyclone 

Oma. These February cyclones caused widespread hillslope failure and increased river discharge and 

sediment transport, indicating the importance of low frequency, high magnitude events on shaping the 

system’s sediment regimes.  

 

Overall, it is the combination of the actively uplifting mountain ranges and erosion-initiating climate 

conditions that have led to the notably high sedimentation rates in the Kaikōura region (Rattenbury et 

al., 2006). More major episodic inputs of sediment into the river systems are then a result of high 

magnitude tectonic and storm disturbance events. Flood risk in the lower reaches of the river is already 

reasonably high given the close proximity of the steep seaward ranges (Hayward, 1969) and this is 

exacerbated when high sedimentation results in aggradation of the channel. 
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1.3.3 The 2016 Kaikōura Earthquake & Pulse 
 
 
On the 14th of November 2016 a Mw7.8 earthquake propagated along the Marlborough fault system, 

releasing its energy via a complex sequence of rupture events in the Kaikōura region (Kaiser et al., 2017; 

Shi et al., 2017). The event’s epicentre was 60km South of the Kaikōura township and was the largest 

quake in the region since 1848 (Hollingsworth et al., 2017). The event altered the local river’s base level, 

with vertical displacement of up to 6.5m at the coast (Clark et al., 2017). In the surrounding Kaikōura 

ranges the earthquake weakened slopes, triggering over 10,000 landslides (Jibson et al., 2018) and 

causing approximately 200 sediment dams in the local rivers (Massey et al., 2018). The largest of these 

landslide dams was in the Hapuku River, with an estimated volume of 20(±2) M m3 of mixed grain-size 

sediments (Massey et al., 2018) (Figure 4). This dam impounded a large lake that has since slowly 

drained while the dam’s sediment has been released into the catchment below as a major pulse (Dellow 

et al., 2017). Storms have been a main driver of this release, with multiple high rainfall events occurring 

in the Hapuku catchment area since the earthquake (Figure 5). Cyclone Cook (April 2017) caused the 

first overtopping of the dam, while following storms caused further erosion of the dam (Figure 6), 

transporting the sediment downstream in a rapidly migrating wave.  

 

The sediment has caused remarkable river bed aggradation, with an elevation increase of up to 40m 

downstream of the dam, and an average elevation change of approximately 5m in all areas that have 

undergone aggradation since December 2016 (Figure 7). The wave material upstream of the canyon is 

coarse, with large boulders and gravel clasts poorly mixed with finer sediments. The canyon shown in 

Figure 2 has acted as a zone of accelerated transport, flushing through the finer components of the 

wave, which have formed a fan-like deposit migrating through the mid-reaches below the canyon. The 

furthest downstream extent of this finer deposit is described here as the wave’s ‘tongue’ and it is the 

migration of this distal wave portion that is focused on over the timescales of this research.  



12 
 

 
 

 
 
 
 
 
  
 

Cyclone Gita 

Cyclone 
 

Deep low pressure storms 

Figure 5 

Daily mean and cumulative rainfall between November 2016 and 2019, indicating the timing of major 

storms that have affected the Hapuku catchment. Data comes from NIWA’s (2019) CliFlo database, 

showing the measurements of a Kaikōura station 5km from the Hapuku River, representing rainfall 

levels experienced in the lower reaches of the catchment.  

Figure 4 

Photograph of the 2016 Hapuku River landslide dam in the river’s headwaters, taken from Dellow et al. 

(2017).  
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Figure 6 

Long profiles of the Hapuku River extracted from December 2016 and May 2019 regional LiDAR DEMs. 

Approximations of the river’s slope show the erosion of the landslide dam and aggradation of the river 

bed downstream.  
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Elevation Change Over  
28 Months/ m 

Figure 7 

A DEM of difference (DOD) showing the full Hapuku River bed elevation changes between December 2016 

and May 2019. The inset plot summarises the total average lowering associated primarily with erosion of 

the dam over time, and the total average rising of the aggrading river bed downstream. 
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1.3.4 The Mid-Reach Study Location  
 
The study site of this research is situated downstream of the confined canyon section of the Hapuku 

River (see Figure 2) and was selected based on the furthest extent of the sediment wave tongue as of 

the initial April survey. The tongue’s position by May of 2019 is shown in Figure 8 below, indicating the 

elevation changes that have occurred in the area of interest since the earthquake. The wave had halted 

its migration at the river bend approximately 200m upstream of the study site prior to the first survey 

of this research. The site is situated in a straight channel section and is approximately 500m long by 

100m wide (Figure 9); the straight, confined morphology presents a nicely bounded section for surveys 

and mapping purposes. The river is single channelled in this mid-reach, confined by bedrock valley walls 

either side, with more minor confinement from a large vegetated bar along the Eastern side of the 

channel. Some in-channel vegetation is seen on the largest mid-channel bars but overall the channel 

surface is predominantly dry exposed gravels.  

 
Since the initial breaching of the sediment dam the study site has aggraded slightly from material that 

has been transported episodically from upstream by high-flow events. An elevation increase of up to 

3m has occurred between December 2016 and May 2019 in areas where the river channel has laterally 

shifted and abandoned channels have become infilled (see Figure 8). However, the main migrating 

sediment wave had not yet entered the site as of May 2019, sitting just around the channel bend 

upstream. This has primed the chosen study site as the next location to undergo wave arrival and the 

associated changes to surface texture and geomorphology. Prior to wave arrival the bed’s surface 

displayed a broad variety of gravel and boulder grain-sizes, along with isolated silt patches. These 

variable sediments were organised into different units and the site was overall heterogeneous, 

indicating complex process-form relationships and previous reworking of the coarse surface.  
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Figure 8 

A DOD of the main area of interest from December 2016 to May 2019, showing both the sediment 

wave tongue and study site boundary (indicated in green). 5m contours are used on the main tongue 

section showing aggradation up to 20m since 2016.  

 

Elevation Change Over  

28 Months/ m 
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Figure 9 

Aerial image of the Hapuku River mid-reach study site. Image is taken from the May 2019 Hapuku river 

regional orthomosaic imagery. 
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Chapter 2. Literature Review  

 
This chapter summarises the relevant literature relating to the research aims of this thesis. The broader 

definitions and importance of sediment pulses and their behaviour are summarised, along with their 

relation to surface bed material size and organisation. Recent advancements in the technologies of 

sUAS, SfM, semi-automated grain-size/roughness estimation and facies recognition are then outlined, 

and their relation to bed surface assessment is discussed. Publications that have directly applied these 

technology advancements for the purposes of detecting surface texture change are also highlighted.  

 
2.1 SEDIMENT PULSES 
 
2.1.1 Definitions 
 
Firstly it is important to define the nomenclature used in this thesis. In the literature various definitions 

of large sediment inputs have been used. Most commonly they are termed pulse, wave or slug and 

while these names are at times used interchangeably (Gran & Czuba, 2017; Sims & Rutherfurd, 2017) 

they frequently describe different processes at work. The term ‘wave’ is suitable when the impacts of 

the material follows a wave-like appearance, with adjustment of bed-channel elevation propagating 

downstream (Gilbert, 1917; Gran & Czuba, 2017). However this term has been critiqued in scenarios 

where the passage of material is more complex (James, 1989, 1991, 1993). The term slug was suggested 

by Nicholas et al. (1995), however this term is now often considered outdated and has been criticised 

in the literature (e.g. Lisle, 2007) for not addressing the movement of sediment beyond the initial, semi-

stationary input. The term ‘pulse’ describing the overall input of material into the system has become 

widely popular in the literature (e.g. Cui & Parker, 2005; James, 2006), a more general term that 

encompasses the variable and stochastic nature of sediment inputs.  

 

Given the popularity and encompassing nature of ‘pulse’ this term will be used here, both when 

discussing the literature and when describing the Hapuku River earthquake-sourced sediment input. 

This term will also represent the more specific nature of the Hapuku pulse event, which could be 

defined as an ‘exopulse’ (Nicholas et al., 1995). When describing the propagation of the Hapuku River 

pulse material downstream and specifically its movement through the study site the material will be 

considered a ‘wave’ as this best describes its movement pattern. The migrating deposit is also 

accompanied by characteristic morphological impacts such as flushing fines, coarser lags and general 

bed-level adjustment (Gran & Czuba, 2017). The furthest extent of the main body of the wave will be 
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considered a ‘tongue’ following the nomenclature popular in the terminology of mass movement 

deposits (Cruden, 1980).  

 

Wave movement can then be further described. Sims & Rutherfurd (2017) suggested that pulses are 

either ‘diffuse’ (from multiple sources) or ‘points’ (from a single source) in space. Over time the main 

deposit will then either receive a ‘discrete’ individual delivery rate of material or a prolonged period of 

delivery called a ‘press’. Once specific source behaviour is established, the pulse will then begin to 

propagate downstream, with rates and patterns generally governed by transportation capability and 

the lateral (reach) and horizontal (floodplain and hillslope) connectivity relationships of the river (Fryirs 

& Brierley, 2001; Fryirs et al., 2007; Lamb et al., 2011). Valley confinement and lithologic/geologic 

composition of a system also play a role in migration rate (Roering et al., 2009). Knickpoints and gullies 

can interrupt migration, decoupling the bed-wave material from the main pulse and creating a dam 

(Gran & Czuba, 2017; Korup, 2004). On the other hand gullies can have the opposite effect, causing 

rapid transport and flushing of sediment through a system (Day et al., 2018; Gran et al., 2011). Generally 

propagation patterns will follow one of the three movement evolutions defined by Lisle et al. (2001), 

either dispersing, translating or a combination of the two (Figure 10). Ultimately the pre-existing 

sedimentary characteristics of a system form one of the key boundary conditions for migration patterns 

of pulses, alongside the overall volume of pulse input and bedload transport rates (James, 2006; Lisle, 

2007; Lisle et al., 2001). Both factors play a role in the degree of morphologic change that will occur 

following a pulse input. Specifically for bed texture adjustment the nature of the pre-disturbed system 

is as important as the magnitude of the pulse, pre-conditioning the system for the location and scale of 

change (Madej, 2001; Pitlick, 1993; Surian et al., 2009). 
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2.1.2 New Zealand Context 
 

Pulses can originate from a variety of natural or anthropogenic sources, however, the New Zealand 

literature has focused upon those originating from extreme climatic events (e.g. Bever & Harris, 2014; 

Gomez et al., 2009) or anthropogenic catchment alteration (e.g. Carter et al., 2010; Glade, 2003). While 

frequent throughout the country, these kinds of events typically result in frequent, minor episodic 

landslide deliveries, such as those seen on the country’s East Cape (Marden et al., 2018). In comparison, 

seismically induced pulses are generated from large, discrete input events and have the potential to 

cause more immediate, rapid fluvial adjustment (An et al., 2017). Given the frequent earthquakes and 

tectonic movements that occur throughout most of New Zealand (Stirling et al., 2002), these events are 

a significant source of sediment production (Howarth et al., 2012; Rosser et al., 2017). Korup (2004), 

Korup et al., (2004) and Korup et al., (2006) have investigated the impact of seismic-related pulses in 

New Zealand, however these studies assessed past events preserved in the landscape, across large 

temporal and spatial scales. More recently Croissant et al. (2019) modelled morphodynamic fluvial 

response to a large Alpine Fault failure, again considering much larger-scale results. There is therefore 

a gap in the New Zealand pulse literature for real-world seismically-induced sediment pulse studies. 

Furthermore, bed texture is commonly used for the purposes of flood and habitat management in New 

Figure 10 

A simplified representation of the main types of sediment wave migration, adapted from Lisle et al. 

(2001). The thick lines represent the original wave position, ‘n’= bed height, ‘t’= time and ‘x’ = channel 

distance.  

A. Dispersing Wave 

B. Translating Wave 

C. Dispersing & Translating Wave 
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Zealand (e.g. Quinn & Hickey, 1990), but there remains a lack of understanding on how large pulses will 

effect coarse bed surfaces in the country’s unique and dynamic gravel river systems.  

 
2.1.3 Pulse Impact on Bed Surface 
 
Sediment transport and deposition plays a large role in the control of river system form and behaviour 

(Church, 2006), making the changes to bed surface an important consideration under pulse disturbance 

(Morgan & Nelson, 2019). Madej (2001) discussed a previous focus in the literature upon the larger-

scale, morphological impacts of sediment pulses (e.g. Hoffman & Gabet, 2007; Nelson & Dubé, 2016). 

Bartley & Rutherfurd (2005) also note that few rivers have been monitored in enough detail to capture 

sub-meter bed surface change, despite the importance of gaining more detailed information on grain-

size and unit organisation for modelling and management purposes (Morgan & Nelson, 2019). Studies 

that are based in real-world settings are often forced to speculate on the relationship between 

pulse/waves and surface grain-size, lacking quantifiable data (e.g. Roth et al., 2014). Pryor et al. (2011) 

also discuss this, suggesting further study of disturbance-induced sediment change is essential to 

improve our current ability to predict and interpret downstream effects in impacted rivers. 

Furthermore, river recovery often focuses upon a return to pre-pulse bed elevation, however from an 

ecological or hydrological perspective the bed surface structure is arguably more important (Madej & 

Ozaki, 1996).  

 
Some studies have examined the effect of sediment pulses upon grain-size dynamics, and many have 

shown that pulse introduction alters grain-size (Cui et al., 2005; Johnson et al., 2015; Venditti et al., 

2010). The majority of this research has been confined to the flume setting (e.g. Cui & Parker, 2005; 

Sklar et al., 2009; Venditti et al., 2010), however some notable real-world studies do exist. Brummer & 

Montgomery (2006) investigated the effects of a coarse-grained sediment pulse and its lag deposits 

over four years, including consideration on grain-size distribution adjustments. Conversely Evans & 

Wilcox (2014) investigated the effects of a fine sediment pulse disturbance in a gravel-bed river, again 

assessing grain-size and other surface characteristics relevant to habitat quality. Wathen & Hoey (1998) 

sought to determine the morphological controls on sediment wave migration and deposition, assessing 

broader bed surface adjustment. From both the field site and flume investigations it is clear that river 

bed surface adjustments are influenced by its history (Johnson et al., 2015) and are dependent upon 

pre-pulse grain-size distribution. Furthermore, the material within a pulse deposit (Bartley & 

Rutherfurd, 2005) and its disturbance magnitude (Zunka et al., 2015) will also dictate the rate and 

degree of change. Given this variety of controls differing grain-size adjustment trends have been noted 
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in different settings (Bartley & Rutherfurd, 2005). Overall, a general trend of fining and increased sorting 

is shown in both flume and real-world studies, providing the pulse material is composed of similar or 

finer grain-sizes than the pre-disturbed surface layer (Cui et al., 2005; Lisle et al., 1993; Montgomery et 

al., 1999; Nelson et al., 2009). This fining and sorting can also be represented by a decrease in grain-

scale roughness (Heritage & Milan, 2009).  

 

Large changes to a river bed’s surface sediments can occur, while only causing subtle changes to the 

overall channel grain-size distribution (Madej, 2001). It is therefore helpful to examine other bed 

surface qualities. The importance of bed sediment variability and its organisation into patches/facies 

units has been recognised by many studies (e.g. Bertin et al., 2017; Buffington & Montgomery, 1999; 

Entwistle & Fuller, 2009). These units play important roles in channel complexity, localised turbulence, 

habitat state and the rate of sediment passage (Powell, 1998). Changes to the sediment supply in gravel 

rivers has been shown to alter the form and proportion of bed units (e.g. Madej, 2001; Podolak & 

Wilcock, 2013; Venditti et al., 2012). Bedform roughness offers one method for examining these 

changes, providing information on the topography of the river bed and the heterogeneity of the units 

that comprise it (Madej, 2001). Other studies have used more traditional mapping of unit change to 

determine the impacts of altered sediment input (e.g. Calle et al., 2017). Many studies have noted a 

homogenization of bed surface with the introduction of pulse material (e.g. Lisle, 1982; Madej, 1999; 

Zunka et al., 2015), resulting in changes to unit organisation and ultimately diminished roughness due 

to burial (Madej, 2001). Bedform roughness smoothing can also result from increased river width and 

braid presence, another morphological effect of sediment pulse impact (Hoffman & Gabet, 2007; 

Mueller & Pitlick, 2013). The degree of change is dependent upon the heterogeneity of the original 

surface (Zhou et al., 2014), as lower-lying units are typically infilled by pulse material (Wohl & 

Cenderelli, 2000), with a lack of previous unit variety even leading to potential increases in bed 

morphology (Downs et al., 2009; Gaeuman, 2014).  

 
In broad, summary terms, the literature suggests that in many gravel river systems pulse introduction 

leads to overall fining, smoothing and unit homogenisation as the previous bed surface becomes infilled 

and buried. However, the exact nature of these changes is a product of the pre-pulse conditions and 

the pulse’s own sedimentary signature, leading to the requirement of further research on exact change 

under different field conditions (Madej, 2001). Given the importance of both grain-size distribution and 

facies unit organisation it is important to examine different varieties of bed surface change, ideally 

capturing both the pre-pulse channel surface and its changes as pulse migration occurs.  
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2.2 TECHNOLOGY ADVANCEMENT FOR BED MATERIAL ASSESSMENT 
 
In coarse river systems, bed material is stored across channels in bars and other unit features (Neill, 

1987). When the river is at low flow stages the dry bed surface can be assessed by researchers to 

determine grain-sizes and roughness, while also allowing mapping of facies organisation. Traditional 

grain-size sampling follows the methods first outlined by Wolman (1954) to give a representative 

distribution for the site of interest. However, in dynamic systems gravel organisation is frequently 

heterogeneous, making representative sampling difficult (Buffington & Montgomery, 1999; Nelson et 

al., 2014), requiring a large number of samples to achieve reasonable confidence in distribution 

estimates (Rice & Church, 1996). Roughness assessment further complicates manual bed material 

assessment (Church et al., 1987), requiring multiple steps and calculations (Nikora et al., 1998). The 

recognition of facies or patches within systems is also a difficult process, relying upon the correct 

identification of grain-size and other surface textural properties in order for spatial positioning to then 

be appraised (Powell, 1998). Overall, traditional sampling and surveying methods are flawed and time 

consuming, which has led to experimentation with emerging technologies in geomorphology that allow 

for improved, and even semi-automated assessment of bed material (Carrivick & Smith, 2019; Fryirs et 

al., 2019; Piégay et al., 2020). 

 
2.2.1 sUAS-based SfM Advancements  
 
The improvement of small affordable drone technology has led to a new age of surveying in 

geomorphology (Fryirs et al., 2019; Piégay et al., 2020; Viles, 2016). Both sUAS and SfM with multi-view 

stereo photogrammetry have become widely used tools in geomorphology (Chudley et al., 2019), 

offering an alternative to more expensive and spatially-limited terrestrial laser scanning (TLS). Studies 

initially took advantage of 2-D sUAS images for mapping purposes (e.g. Hervouet et al., 2011; Mian et 

al., 2015), but as technology improved sequential images were instead used to create 3-D models 

through the SfM process (Chudley et al., 2019). Some of the earliest application of sUAS SFM in 

geomorphology was completed by Westoby et al., (2012), and since then the technique has become 

routine for field surveying (Carrivick & Smith, 2019; Cook, 2017; Tomsett & Leyland, 2019). Studies have 

emphasised the need for ground control points (GCPs) (Woodget et al., 2018) or careful manual 

georeferencing (Azim et al., 2019; Carbonneau & Dietrich, 2017), but now with the latest improvements 

in real-time-kinematic (RTK) enabled sUAS, accurate image location is facilitated without secondary 

georeferencing (Chudley et al., 2019). Accompanying sUAS advancement are new techniques for the 

extraction of bed material information, outlined further in this literature review. By combining sUAS 
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high-resolution images and SfM outputs with these novel methods for bed-material analysis highly 

accurate and detailed analysis of gravel-bed systems is now possible (Marteau et al., 2017). 

 
2.2.2 Grain-size Estimation Advancements 
 
2.2.2.1 Photosieving Tools 
 
The production and testing of grain-size estimation tools has become a popular topic of research in 

geomorphology, thanks to the rapid development of a large variety of techniques. This recent focus in 

is shown in Figure 11, outlining the increase in the up-take of “automated grain size” techniques 

throughout the scientific literature. For fluvial studies where grain-size distribution is sought after, 

image-based photosieving is most common (Piégay et al., 2020) and can be approached via two main 

methods. Firstly, a geometrical, edge-detection approach can be undertaken, where the axis length of 

individual grains is estimated. Grain-size recognition first started with manual measurement of grain 

axes from images (e.g. Adams, 1979; Ibbeken & Schleyer, 1986), a process that was later automated 

(e.g. Graham et al., 2005; Sime & Ferguson, 2003) and also applied at higher resolutions and scales 

(Dugdale et al., 2010). The edge-detection tool BASEGRAIN by Detert & Weibrecht (2013) became 

widely used and has been applied in a variety of gravel environments (e.g. Westoby et al., 2015). Similar 

grain recognition software has since been further developed by Purinton & Bookhagen (2019a) in their 

new tool PebbleCounts/PebbleCountsAuto, which has yet to be applied in the published literature. The 

authors (Purinton & Bookhagen, 2019a) note the success of the tool, suggesting both its bias and 

precision are improved beyond the performance of previously published tools (e.g. Butler et al., 2001; 

Detert & Weibrecht, 2013). While edge-detection techniques have been critiqued, they have proven 

successful for high-resolution images of coarse gravel systems, provided clear grains are visible 

(Buscombe et al., 2010). 
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The second approach for grain-size extraction from images can be termed statistical, based upon image 

texture signal-processing, and can be applied across broad spatial scales (Carbonneau et al., 2004). 

(Carbonneau, 2005; Carbonneau et al., 2004; Carbonneau et al., 2005) investigated image semivarience 

to give grain-size distribution estimates across a variety of river reach scales. Verdú et al., (2005) then 

continued semivarience investigation at a smaller scale, assessing the grain-sizes of gravel bars. Other 

image textural properties can also be used for grain-size recognition (e.g. Black et al., 2014), but all 

papers note the importance of image resolution and calibration. Other studies attempted to overcome 

the need for calibration using auto-correlation methods (e.g. Buscombe et al., 2010; Buscombe & 

Messelink, 2009; Rubin, 2004; Warrick et al., 2009). A transferable wavelet methodology was created 

by Buscombe (2013) for broader use, and was made publicly available through the Digital Grain Size 

Project (DGS). Going into the future new investigation has begun in the realm of optical-granulometry 

deep-learning, approaching complete automation of grain-size recognition, as seen in Buscombe's 

(2019) SediNet.  

 

Overall both geometric and statistical grain-size studies have achieved results that are in good 

agreement with field estimates of grain-size distribution, usually resulting in slight overestimation of 
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The use of “automated grain size” in the titles, key words or abstracts of published scientific work 

since its first appearance in 1966. Data retrieved from the Scopus Database.  
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grain-size. However, the square grids used in traditional Wolman sampling underestimate results 

(Stähly et al., 2017), and when combined with human-sampling bias, photosieving a potentially offers 

not only a more efficient, but also more accurate grain-size estimation method (Neverman et al., 2019). 

 
2.2.2.2 Roughness Tools 
 

Grain-size estimation has also been made based upon SfM outputs of dense point clouds and DEM 

surfaces, relating roughness to grain-size (typically σz - D50/84) through a variety of statistical methods 

(Pearson et al., 2017; 2019). Often these studies have focused on the use of TLS (e.g. Hodge et al., 2009; 

Williams et al., 2020), and while these provide high-density point clouds they are typically expensive, 

and less applicable for larger river sections (Brasington et al., 2012). Vázquez-Tarrío et al., (2017) used 

sUAS-derived point clouds to investigate roughness, but they note the continued requirement for field 

validation/calibration data. Furthermore Williams et al. (2020)and Pearson et al. (2017) both suggest 

that roughness estimates of grain-size are confounded by too many other factors (such as imbrication 

and grain shape) to give consistent and reliable results. Purinton & Bookhagen (2019b) suggest that 3D 

point clouds add unnecessary vertical noise and complications to grain-size extraction when compared 

with 2D orthomosaic images. Overall, based upon the literature, plan-view photosieving methods offer 

the simplest and most realistic methods for extracting grain-size from sUAS-based images.  

 

2.2.2.3 Current Applications in Gravel Rivers 
 

Some of the most recent studies looking to characterise the grain-size distribution of larger channel 

sections have combined grain-size estimation tools with high-resolution sUAS images and SfM-

produced orthomosaics. A new technique involving single image georeferencing from larger 

orthomosaics (e.g. Carbonneau & Dietrich, 2017) allows photosieving tools to be used across broad 

study areas, while overcoming image scale issues that have previously been critiqued (e.g. Verdú et al., 

2005). Overall this method can provide highly detailed grain-size distribution information (Purinton & 

Bookhagen, 2019a). Woodget et al. (2018) completed such as study, focussing on the use of image 

spectral properties. (Carbonneau et al., 2018) and (Zettler-Mann & Fonstad, 2020) used similar 

methods, instead applying the edge-detection tool BASEGRAIN to individual images that were then 

georeferenced to a larger orthomosaic. This specific technique overcomes the need for calibration and 

the complications associated with roughness-grain-size relationships, while also taking advantage of 

the simple planimetric measurements and outputs provided by photosieving (Neverman et al., 2019). 

Overall this edge-detection method has been generally successful, however the BASEGRAIN tool has 



27 
 

been critiqued (e.g. Zettler-Mann & Fonstad, 2020), suggesting improvements could be made by 

instead implementing newer tools, such as Purinton & Bookhagen (2019a) tool PebbleCounts.  

 
2.2.3 Surface Roughness Advancements 
 
Bed surface roughness influences flow resistance (Robert et al., 1992), bedload transport (Vericat et al., 

2008) and shear stress behaviour (Naot, 1984), ultimately playing an important role in informing 

hydraulic and morphodynamic modelling (Milan & Heritage, 2012; Tamminga et al., 2015). Surface 

roughness can display variability across different scales (Guerit et al., 2014) from bedform units ( Nelson 

et al., 2009; Nelson et al., 2010), down to individual grains (Hodge et al., 2009). Roughness can be 

described by Gaussian distribution (Nicholas, 2001), with the standard deviation (STD) of bed elevation 

(σz), expressing bed grain/unit size and variability (e.g. Brasington et al., 2012). The STD is then often 

doubled (2σz) in order to represent effective roughness height (e.g. Garcia & Parker, 1991; Heritage & 

Milan, 2009). Past roughness studies have often focused on TLS data (e.g. Milan, 2009; Smith et al., 

2012), however advancements in sUAS have shown a new inexpensive alternative for extracting and 

positioning roughness values (Vázquez-Tarrío et al., 2017; Woodget et al., 2016).  

 

Many studies have used advancements in SfM technology to attempt to extract grain-size from 

roughness values (see Section 2.2.1), however the broader context of bedform roughness can also offer 

important information on surface structure (Groom et al., 2018; Madej, 2001). Studies such as Bertin 

et al. (2017) have begun to take advantage of new methods of DEM-extraction in order to study 

roughness at different scales, relating this to gravel patch recognition and mapping. For the extraction 

of roughness values the open-source tool CloudCompare (Girardeau-Montaut, 2016) has been used in 

multiple studies of SfM-produced point clouds of gravel-bed surfaces (Purinton & Bookhagen, 2019a; 

Vázquez-Tarrío et al., 2017; Woodget et al., 2016). Overall bedform-scale roughness is an important 

indicator of pulse impact (see Section 2.1.3) and advancements in sUAS and SfM now have the potential 

to allow quantification of roughness change over time.  

 
2.2.4 Facies Recognition Advancements 
 
Gravel river beds display spatial heterogeneity in grain-size and sorting, organising grains into elements 

that can be defined as facies (e.g. Carrivick & Smith, 2019; Marteau et al., 2017; Nelson et al., 2009), 

morphological units (e.g. Rice et al., 2009), morphosedimentary units (Calle et al., 2017) or sediment 

patches (e.g. Bertin et al., 2017; Dietrich et al., 2006; Nelson et al., 2010). For the purpose of this 

research these elements will be referred to as facies units, each with its own associated form-process 
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relationship (Allen, 1983). Gravel system unit types have been defined in the past (e.g. Bluck, 1979; 

Brierley, 1989; Desloges & Church, 1987; Folk & Ward, 1957; Miall, 1978; Rice et al., 2009), helping to 

explain the surface structure of gravel-beds.  

 

As discussed in Section 2.1.3, surface unit variability is recognised as important for a variety of 

morphologic, hydrodynamic and ecologic reasons (Bertin et al., 2017; Buffington & Montgomery, 1999; 

Entwistle & Fuller, 2009). Despite this understanding, surface grain-size and roughness is still commonly 

treated as homogenous across channels (Powell, 1998), potentially preventing correct calibration of 

some grain-size estimation techniques (Pearson et al., 2017). The study of surface facies units is 

complicated and in the past has often been confined to flume settings (Dietrich et al., 1989; Lisle et al., 

1993; Nelson et al., 2010, 2014; Vericat et al., 2008). However, thanks to the previously outlined 

advancements in sUAS, SfM, and grain-size/roughness estimation, new improvements in the mapping 

of real-world gravel facies units have been made possible (Carrivick & Smith, 2019). Some tool-based 

mapping has used TLS (e.g. Entwistle & Fuller, 2009; Heritage & Milan, 2009; Hodge et al., 2009; 

Williams et al., 2020) or side-scan sonar (Hamill et al., 2016) to generate point clouds for unit 

identification across dry gravel surfaces. Others (e.g. Hamill et al., 2018) have also investigated the 

potential of image textural properties to extract unit information and position. However, these 

techniques have spatial coverage, accuracy and expense limitations.  

 

Studies have now been initiated by researchers on the potential of sUAS SfM for facies recognition, 

summarised by Carrivick & Smith (2019). Westoby et al. (2015) combined sUAS SfM with TLS 3D models 

to capture information on the surface units on a gravel glacial moraine. Woodget et al. (2017) then used 

drone photogrammetry methods alone to help define habitat amongst variable surface units. Similar 

methods were also used by Langhammer & Vacková (2018) to detect fluvial facies change during flood 

events, this time in a gravel-bed system. However, Marteau et al. (2017) went further, combining the 

full spectrum of sUAS photogrammetry outputs (point clouds, topographic DEMs and orthomosaics) 

with roughness and facies mapping to accurately map unit change for river restoration purposes. 

Overall, Carrivick & Smith (2019) suggest that integration of the full suite of sUAS photogrammetry 

outputs for unit analysis is not yet commonplace, however looking towards the future it has the 

potential to allow automation of facies recognition and mapping. 
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2.3 CONCLUSION OF CURRENT LITERATURE GAPS  
 
In summary, past researchers investigating the impacts of sediment pulses upon bed surface 

characteristics have often been confined to flume settings (e.g. Cui & Parker, 2005; Lisle et al., 1993; 

Sklar et al., 2009; Venditti et al., 2010) with few real-world studies to date (e.g. Brummer & 

Montgomery, 2006; Evans & Wilcox, 2014; Montgomery et al., 1999; Wathen & Hoey, 1998). With the 

latest advancements in emerging geomorphic technologies, new opportunities exist for the surveying 

and analysis of bed surface change (Carrivick & Smith, 2019; Fryirs et al., 2019). The use of sUAS and 

their associated SfM outputs have become widely popular for the assessment of gravel-bed rivers 

(Tomsett & Leyland, 2019). At the same time, advancements in grain-size and roughness estimation 

methods have allowed more detailed assessment of bed grain-size, sorting and distribution than ever 

before, and can allow for drastic improvement of facies unit mapping and understanding (Carrivick & 

Smith, 2019). Some studies have drawn upon both the developments in sUAS and bed assessment 

technologies in order to capture detailed channel surface adjustment (e.g. Carbonneau et al., 2018; 

Marteau et al., 2017). However, none to date have utilised the full suite of sUAS and SfM outputs, 

combined with grain-size and roughness tools to detect gravel size and organisation changes over time. 

Specifically the latest edge-detection tool PebbleCounts by Purinton & Bookhagen (2019a) offers 

advancements upon the currently popular tool BASEGRAIN and has yet to be applied in other studies. 

Finally, no studies have yet used a combination of these technology advancements to examine 

immediate sediment pulse arrival effects upon a real-world gravel-bed surface. By pairing sUAS and 

SfM with surface texture technologies it could be possible to improve the current understanding of the 

real-world effects of sediment wave impact on bed grain-size, roughness and gravel unit organisation. 

This results of this thesis will improve this understanding by taking advantage of emerging technologies 

and applying them to a site in the rapidly aggrading Hapuku River as a wave of sediment migrates 

through it. 
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Chapter 3. Hypotheses  

 
Certain trends in bed texture response to sediment wave disturbance have been found throughout the 

literature and provide a basis for the prediction of likely changes. Based upon the past findings in the 

literature, both in flume and real-world settings three main hypotheses can be made on the likely 

outcomes of the study aims of this research: 

 

1. That the D50 and D84 percentiles will show a fining trend and the overall grain-size 

distribution will become better sorted with wave material arrival. 

 

2. That site-wide roughness will decrease as wave material smooths bed topographic variation. 

 
3. That the surface unit assemblage will display more homogeneity over time as lower 

elevation units become buried and infilled, increasing in the proportion of units that 

represent the wave’s sedimentary signature.  
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Chapter 4. Methodology 

 
4.1 INITIAL SITE SELECTION 
 
The setting for the project was determined within the context of a larger study examining the effects 

of sediment loading from post-earthquake landsliding within the Hapuku and other catchments in the 

region. Post-earthquake airborne LiDAR surveys captured changes in valley-bottom landforms, 

highlighting the incision, recruitment and transfer of sediment from landslide dams. A notable 

opportunity was seen in the Hapuku River, where, downstream from a major landslide deposit (~13M 

m3), a canyon effectively transfers sediment through a steep and confined bedrock ‘chute’. At the outlet 

of the canyon, the beginnings of a significant accumulation were observed, the distal end of which is 

termed the wave’s ‘tongue’ in this thesis. By May 2019, this wave deposit had become firmly 

established below the canyon, causing rapid aggradation of the river bed (Figure 12). We anticipated 

significant morphodynamic changes here, as well as shifts in textural composition as the deposit built 

up a semi-confined fan within the lower valley. Relatively finer material would overwhelm the coarser, 

ambient pre-quake river bed, leading to the hypothesis for fining and smoothing within the site over 

the survey period of this thesis. The study location was thus established at the distal end of this 

accumulation. 

 

The existing LiDAR epochs between December 2016 and May 2019 were used for investigating the 

extent of the wave’s propagation downstream and deciding on the location of the study site. Long 

profiles and simple cross sections were extracted to inform the position of the wave’s migration 

downstream, following an ArcMap based methodology (see Whittaker et al., 2008). DEMs of Difference 

(DoDs) were constructed from the February 2019 DEM and December 2016 layers, producing the 

figures displayed in Chapter 1 (Figure 7 & Figure 8), setting the scene of the Hapuku River’s elevation 

adjustment at different spatial scales (Figure 13). These introductory DoDs were constructed using the 

Geomorphic Change Detection (GCD) tool (Wheaton et al., 2010), providing estimates of erosion, 

aggradation and sediment volume change. Another DoD was constructed using the same methods for 

the November and May 2019 LiDAR-derived DEMs, providing erosional and depositional context for the 

study site over the time periods relevant to the surveying undertaken in this thesis. The constructed 

DoDs were used to provide maps for geomorphic context and the interpretation of bed surface change 

location, exact quantification of bed elevation adjustment or sediment volume change were beyond 

the scope of this thesis, and for this reason error estimation was not undertaken.  
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A B 

Figure 12 
Long profile adjustment of the Hapuku River immediately upstream of the study site between 

December of 2016 and May of 2019. The aggradation over time shows the sediment wave arrival. 

Figure 13 
(A) Combination DEM and HS of the clipped Hapuku River corridor extending from 400m upstream of 

the main landslide dam, down to the coast. (B) The study site and wave tongue AOI. 
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4.2 WORKFLOW 
 
In order to detect change within this reach, and to pursue the hypothesised changes to grain-size, 

roughness texture and the assemblage of bed facies, a number of techniques were used to characterise 

the bed in very high-resolution (Figure 14). First, field work was carried out for basic characterisation of 

the site (Section 4.3) followed by drone survey work to produce a high-resolution orthomosaic and DEM 

of the river bed over four study periods (Section 4.4). Various grain-size assessment tools were 

compared and the best performing was then used to extract the grain-size distribution from each survey 

(Section 4.5). Roughness tools were then implemented to extract roughness adjustments (Section 4.6) 

before a combination of field and tool-assisted techniques were used for the final mapping of facies 

assemblage (Section 4.7) 

 

The final outcome of this workflow included quantification of site roughness, distributions of grain-size 

from remote sensing, as well as facies maps, showing process-form adjustment and the positioning of 

different sedimentary units. These outputs were instrumental in assessing the nature and extent of 

change within the reach, allowing each of the three surface texture adjustment hypotheses to be 

tested, fulfilling the broader study aims of this thesis.  
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Figure 14 

Flow chart displaying the combined methods used for the extraction of roughness, grain-size and facies 

unit assemblage from each survey. 
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4.3 TRADITIONAL METHODS FOR SURFACE SEDIMENT ASSESSMENT 
 
The surface texture changes seen in the study site were a main focus of this research. Traditional 

methods of sampling and classifying the surface grains were used firstly to examine the basic changes 

occurring and secondly to provide ground-truth data for validation and comparison with photosieving 

tools.  

 
4.3.1 Wolman Grain-size Distributions 
 
Bed surface grain-size data was collected during three out of the four 2019 site visits during base flow 

conditions. The conventional methods of Wolman (1954) were used, with pebble counts taken along 

measuring tape transects. Sample clasts were picked up at half meter intervals, using a template with 

equivalent sieve size apertures (gravelometer; half –φ intervals) to determine the grain-size distribution 

(Bunte & Abt, 2001). The nomenclature used in this study is based upon the definitions of Blott & Pye 

(2001), with fines referring to any material below 8mm in equivalent sieve size, while still maintaining 

individual grains that are visible to the naked eye. Smaller materials are then defined as silts. Grains 

that are greater than 128mm in intermediate length are referred to as boulders. 

 

Six initial dry gravel-bed walks were taken during the April trip, spread across various gravel units within 

the drone survey’s polygon extent, focused in a 180m middle section of the study site. The aim of the 

initial sampling was to capture the range of grain-sizes represented in the reach. A total of 

approximately 600 grains was counted (100 per transect). This count followed the original minimum 

suggestion of Wolman (1954), in order to overcome operator error issues. Clasts that had an equivalent 

sieve size greater than 128mm were manually measured. Additional sieving to further assess the grain-

size distribution below the 8mm threshold was deemed unnecessary as the surface sediment within 

the site and the upstream wave deposits were both relatively coarse, with some knowledge of fine 

percentages gained from past bulk sieving of the pulse dam. Consistent areas of fines were rare, and 

were instead treated uniformly as ‘silt patches’ for the purposes of later facies mapping. Furthermore, 

material of this fine nature could not be resolved with the photosieving tools used in this study and was 

therefore excluded from further consideration. 

 

During the July trip detailed grain-size sampling was undertaken to assess the spatial heterogeneity 

displayed in the gravel’s organisation (Wolcott & Church, 1991). Key facies units were identified and 

pebble counts were undertaken, with a sample aim of 250 grains per unit. For units where it was 
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suitable, the axes of the boulders that were too large for gravelometer measurement were also 

assessed. No in-field grain-size sampling was performed during August as the drone surveying was 

undertaken by other researchers. In September the same facies units and approximate locations were 

sampled, with slightly more detailed grain counts. The coordinates of pebblecount transects were 

recorded using mobile GPS applications during the April and July trips, and a Trimble Real-Time-

Kinematic (RTK) system in September. 

 

4.3.2 Secondary Grain-size Statistics 
 

The two key metrics employed for determining grain-size change were, D50 and D84. For simple 

percentile computations, cumulative frequency results were input into the Grain Size Distribution 

calculator (Parker, 2004). Further statistical analysis was completed using the open-source tool 

GRADISTAT (Blott & Pye, 2001). Wolman data were converted to class weight (percentage) retained on 

each sieve category to give additional quantifications of the mean, sorting, skewness and kurtosis of 

the grain-size data (Bunte & Abt, 2001). The final results of these statistics are recorded in their 

geometric form, following the recommendations of the authors (Blott & Pye, 2001) for comparison with 

photosieving tool results (Bunte & Abt, 2001). Below the equations and the terms used to describe the 

different parameter ranges are shown in Table 1. 

 

 
 
 
 
 

Table 1 

Statistical equations used in GRADISTAT to calculate grain-size parameters, adapted from the tool’s 

summary (Blott & Pye, 2001) . Here f is frequency (%); mm is the metric mid-point of each grid interval; 

x represents the cumulative percentile value. 

 

Geometric Method of Moments 
Mean Standard Deviation Skewness Kurtosis 

 

   
 Very well sorted <1.27 Very fine skewed <-1.30 Very platykurtic <1.70 
 Well sorted 1.27 – 1.41 Fine skewed -1.30 - -0.43 Platykurtic 1.70 – 2.55 
 Moderately well sorted 1.41 – 1.62 Symmetrical -0.43 - +0.43 Mesokurtic 2.55 – 3.70 
 Moderately sorted 1.62 – 2.00 Coarse skewed +0.43 - +1.30 Leptokurtic 3.70 – 7.40 
 Poorly sorted 2.00 – 4.00 Very coarse skewed >+1.30 Very leptokurtic >7.40 
 Very poorly sorted 4.00 – 16.00     
 Extremely poorly sorted >16.00     
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4.3.3 Facies Units & Mapping  
 
Key facies units were selected based upon grain-size, degree of sorting, imbrication/orientation, 

planform shape and relationship to neighboring units. Features such as angularity and rock type were 

also recorded in the field, although there was little variability between units. The classifications were 

made based on the identification of similar gravel units in fluvial studies such as Bluck (1982), Brierley 

(1989) and Desloges & Church (1987). The nomenclature abbreviations given to each unit were based 

upon the definitions of river sedimentary facies by Miall (1996), and were then adapted to the modern, 

in-channel context.  

 

Initial mapping was completed in the field to assess the relationship of neighboring units and active 

channels, following the methodologies of previous wandering gravel-bed river studies (e.g. Desloges & 

Church, 1987; Rice et al., 2009). Full planform distributions were assessed in the field on the July and 

September trips. During the July trip the homogenous tongue material just upstream of the site was 

also examined to define the key facies units representing the signature of the wave deposit. Overall 

seven main units of mappable extent were identified and described within the study site, and their 

approximate position and inter-unit relationships were initially mapped by hand. Three large, 

exceptionally coarse-grained (boulder-rich) bars were also named and considered separately as they 

were unique within the site and too coarse for gravelometer-based Wolman sampling.  

 

Aerial images that accompanied the February and May 2019 LiDAR surveys of the Kaikōura region and 

Hapuku River corridor were provided to this study by LandPro Surveys, NZ. These images had 20cm 

resolution and were used to identify the boundaries of major facies units visible on the surface of the 

wave’s tongue deposit. The final map was based upon the February aerial image due to lighting issues 

in the site area within the May image. The mapping provided rough approximations of the tongue’s 

facies unit assemblage and proportions prior to its migration into the study site. This map was then 

used to help inform interpretations of the changes seen within the study site’s surface unit assemblage 

over time.  
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4.4 STUDY SITE SfM 
 
4.4.1 sUAS Site Surveying 
 
In order to improve on traditional bed sampling methods, new tools in grain-size estimation and 

roughness were combined with SfM outputs in order to fulfil the study aims of this thesis. To create 

these SfM outputs four sUAS surveys of the site were completed throughout 2019 (Table 2). The goal 

of the drone surveys was to capture high-resolution imaging of the dry bed that was about to be 

enveloped by the wave’s tongue material, allowing surface sediment changes to be tracked over time. 

General sUAS survey methods for high-resolution surface sediment capturing were followed 

(Carbonneau & Dietrich, 2017; Woodget et al., 2018). The surveys were taken with the DJI Inspire 1 and 

the Matrice 200; two similar models of the latter were available from the Victoria University of 

Wellington (VUW) and the University of Auckland (UoA). Hovering accuracy of both drones were 

identical with GPS enabled, and both were deemed suitable for low elevation, preset flight surveying. 

Both drones were fitted with a Zenmuse X5 cameras (X5R for the Inspire and X5S for the Matrice), with 

automatic focusing capabilities and stabilizing, vibration-dampening 3-axis gimbles. Variations in the 

specs between the two versions of Zenmuse cameras were negligible for imaging purposes. Different 

lenses were available for this research from each university, so some discrepancies in Field of View 

(FOV) were unavoidable. Overall the slight changes in camera quality have been found to have minimal 

impacts upon SfM results (Mosbrucker et al., 2017), and a maximum resolution difference of only 

1.4mm/pixel was seen between the final survey outputs (3.7 mm vs 2.3 mm resolution achieved; Table 

2).  
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The first trip to the study site was used to investigate the optimum flight height and image overlap for 

drone surveying, while maintaining a high-resolution for the testing of surface texture tools. Two 

heights were tested using the third-party app Pix4Dcapture (Pix4D, 2020) for flight path polygon 

construction and control of altitude, velocity, camera angle and overlap degree. The first flight was 

taken at a height of 10m, and the second at 15m. It was found that the 5m elevation increase resulted 

in a 1mm difference in resolution quality, but halved the flight time. Both flights were taken with a 

forward overlap and sidelap of 70%, following general recommendations for drone surveying for SfM 

processing (James & Robson, 2014). These minimum overlap values were later found to cause holes in 

the final SfM output, so sidelap was increased to 80% for the following surveys. The 15m height with 

the increased overlap percentage was chosen as the constant setting, with flight time allowing full area 

coverage and safe landing. 

 

Three further surveys were completed during 2019, with varying extents of the full 500 x 100m study 

site covered. Differences in survey extent resulted from unforeseen issues with older battery life and 

performance in cold winter temperatures. Differences in resolution were primarily a product of the lens 

used, with the 25mm lens providing a narrower angle of view and higher quality imaging. Secondary 

evaluation of image blur and warping between surveys showed similar results between the different 

lens, suggesting the 3-axis gimbles allowed suitable stabilization regardless of the camera and lens used. 

Furthermore, variations in weather and the time of day were considered, as they have secondary effects 

Table 2 

Summary of sUAS survey specs and overall trip aims for each 2019 Hapuku River study 

site visit. 
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on image lighting and shadows (Gomez & Purdie, 2016). Mildly windy conditions and light rain impacted 

lens focusing on occasion during the April survey, however all other surveys were taken under still and 

overcast or partly sunny conditions at around midday. 

 
4.4.2 SfM DEM Production 
 
When surfaces have been photographed from multiple positions, it is possible to generate DEM and 

orthomosaic outputs from the original drone images (Carbonneau & Dietrich, 2017; James & Robson, 

2014) . The Agisoft Photoscan software was used for processing images, following the methods of Smith 

et al., (2015) to obtain dense point clouds, orthomosaic images and DEM files. Figure 15 shows the step 

by step process of extracting the information from the original image inputs, to the final output files.  

 

 

 

The final orthomosaics (Figure 16) and DEMs were of varying resolutions depending on the lens used 

and the degree of overlap (with April having a lower degree). Despite these holes the three large 

orthomosaics (July, August and September) still covered the main river channel locations over time, 

and areas of major river bed adjustment (Figure 16, DoD). Image quality was also an important 

consideration in this study as blur could confound efforts to accurately estimate surface texture 

properties. Agisoft Photoscan’s image quality estimation values were inspected and only images with 

values of 80% or higher were used in the construction process. The dense point cloud from each survey 

was exported for further editing in the open source tool CloudCompare. CloudCompare was used to 

clean and filter the dense clouds following the methods of Niederheiser et al. (2016), removing 

undesirable outlier point patches that could create warping issues. These cleaned point clouds were 

then used to construct maximum resolution DEMs in ArcMap, using the LAS dataset to Raster tool.  

 

 

Figure 15 

Flowchart outlining the key output stages in the Agisoft Photoscan SfM processing, from the input 

drone-captured photographs, to the final DEM and orthomosaic files. 
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Figure 16 
The final output orthomosaics for the four survey months. Blue lines indicate the position of the main river channel at the time of surveying. The May-
November 2019 DoD is also included to indicate the areas of active bed adjustment over the period of this study, with the dark and light blue dashed lines 
indicating the May and November main river channel positions respectively. 
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4.4.3 GCPs & Georeferencing 
 
Georeferencing of the surveys was required in order for grain-size sampling and facies unit mapping to 

be replicated in the same locations over time, allowing comparison of the bed surface over time to fulfil 

the study aims of this thesis. GCPs were collected during the September trip at known locations that 

had remained unmoved since April 2019, primarily large boulders. A Trimble RTK base station was set 

up to accurately record the coordinates and elevations of the GCPs. Points were selected across the 

study site, focused towards the edges of the site to optimize the accuracy of reconstruction (Tonkin & 

Midgley, 2016). Seven main GCPs were used for photogrammetry (eleven were collected). This number 

best reduced Root Mean Square Error (RMSE), while those points with poor positional quality were 

excluded (Carrivick et al., 2016). The GCPs were applied to the three full-site surveys, and the associated 

RMSE errors are shown in Table 3. Ultimately the re-projection errors (averaged across all photos 

containing a GCP) were at the sub meter scale, with the greatest error seen in the July survey. The 

accepted GCPs were then used for camera alignment optimization to ensure the point clouds were 

positioned correctly under the New Zealand Transverse Mercator 2000 (NZTM2000) coordinate system. 

The April survey was too small to have captured the majority of the GCP points so secondary 

georeferencing in ArcMap was undertaken with the orthomosaic and DEM files, following the methods 

of Herbei et al., (2010). The resulting RMSE error is also displayed in Table 3.  

 

Once the four surveys were georeferenced, two shapes of best fit were used to mask the point clouds 

and resolved orthomosaics/DEMS. One covered the April survey and mid-sections of the other three, 

while the other encompassed the overlapping extent of the larger surveys, excluding major holes 

(Figure 17). The middle section mask allowed comparison with the April pre-disturbed surface in an 

area of the site that had undergone active reworking. These shapes were used to clip the extent of the 

orthomosaic and DEM rasters for comparison of the same areas over time. The point cloud extents 

were also segmented to a best fit in CloudCompare for the purpose of roughness comparison between 

the three large surveys.  

Table 3 
Summary of the four point clouds and their associated georeferencing error. 
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4.5 SEMI-AUTOMATED GRAIN-SIZE ASSESSMENT 
 
In order to fulfil the study aims of this thesis and investigate the hypothesised bed surface changes, it 

was necessary to use a photosieving tool that accurately estimated grain-size percentiles and allowed 

accurate estimations of site-wide distribution change. The tool needed to be comparable to Wolman-

sourced grain-size results to assess its performance, providing measurement of the intermediate axis 

and preferably a full distribution of the gravel sizes represented within the orthomosaics. The ideal 

method would also not require additional calibration or separate image georeferencing and would be 

applicable to any chosen location within the orthomosaic, allowing a spread of sample locations and 

analysis of any facies unit. In order to meet these conditions an amalgamation of methodologies from 

previous studies was combined to create a new semi-automated grain-size distribution assessment 

technique.  

 
4.5.1 Tool Selection 
 
Planimetric, image-based grain-size analysis was chosen for this research given the complications 

associated with 3D roughness assessment (Pearson et al., 2017). As ground calibration added an 

impractical additional processing step, techniques such as surface texture semivarience (e.g. 

Carbonneau et al., 2004; Carbonneau et al., 2005) were dismissed. Photosieving based upon edge-

detection offered the most promise, as it has the potential to provide accurate results under ideal image 

scenarios (Buscombe et al., 2010). A statistical wavelet approach was also promising as metric pixel 

length could be manually input to avoid calibration. Two open-source digital photosieving tools were 

selected for comparison: the wavelet-based Digital Grain Size project (DGS) (Buscombe, 2013) and the 

PebbleCounts/PebbleCountsAuto (PC/PCA) tool (Purinton & Bookhagen, 2019a). Detert & Weibrecht's 

(2013) tool BASEGRAIN was also considered given the success of past studies (e.g. Zettler-Mann & 

Fonstad, 2020), however initial testing proved inconsistencies in grain recognition between the 

Figure 17 
The two masked shapes of best fit used to compare the survey mid-sections from April-September 
(orange) and full sections from July-September (Red). 
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different surveys. The aim of tool testing was to discern whether edge-detection or statistical image 

property would provide distributions that best correlated with the validation data, allowing better 

extraction of grain-size distribution change within the site. Other performance criteria such as speed of 

processing, grain count and output format were also of interest.  

 

PC/PCA are Python based tools, allowing for grain-size detection from either orthorectified or non-

georeferenced images (Purinton & Bookhagen, 2019a). PC is semi-automatic, providing edge-detection 

and k-means segmentation, while the user manually selects various filtering thresholds (e.g. Otsu, 1996) 

and colour filters (e.g. Buades et al., 2011). The edge-detection methods employed are based upon 

black top-hat and Sobel filtering, identifying the strongest edges for Canny edge-detection. Additional 

segmentation and noise filtering are also automatically performed in order to differentiate between 

overlapping grains, while not over-segmenting as a result of intergranular noise.  

 

PC involves manual masking of colours and selection of ‘good’ grains from multiple windows, informing 

the tool at each step and allowing for accurate edge detection. 20 variables may be specified at the 

command level, such as minimum size detection threshold or window size adjustment, however the 

authors (Purinton & Bookhagen, 2019a) suggest most of the pre-set values are ideal in most image 

scenarios. Ultimately ellipsoids are fitted to the identified grains, allowing for measurement of the 

presented a and b axes along with grain orientation. PCA is based upon the same edge-detection 

processes, however the process of ‘bad’-grain filtering is performed automatically, with the user only 

being required to specify Otsu-thresholding percentage and select unwanted silt/sand and shadow 

colours from the full image.  

 

Buscombe's (2013) DGS tool takes a transferable wavelet approach, based upon a statistical algorithm, 

using a Morlet wavelet to give the global power spectral density function of an image. This wavelet 

approach gives a supposed close approximation of grain-size distribution, providing simple estimates 

of the D25, D50, D84 and D90 percentiles, along with sorting and skewness.  

 

A representative 4m by 4m image (Figure 18) displaying a variety of gravel grain-sizes, silt patches and 

shadows was used to assess the two photosieving techniques, clipped from the July orthomosaic. The 

image was chosen from a site that had shown no change between the repeat surveys and had been 

manually sampled with a gravelometer to give approximate ground truth validation data, while the few 

largest grains were measured by hand. The extent of the image was deemed to be appropriate given 
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the high pixel resolution; an image larger than this would introduce problems of large memory 

requirements and long processing times. The PCA tool results were converted the same logarithmic 

(base 2), millimetre grid-size bins as the manual samples and then these were simplified to the same 

percentiles as the DGS tool’s outputs. To test the ability of the two tools to emulate the ground-

validated data the non-parametric Mann-Whitney test (see Nachar, 2008) was used, following the 

similar methods of Liggett (2014). The test explores the null hypothesis that there is no difference 

between sample medians. A 95% confidence level was specified, therefore reported p-values of >0.05 

meant that a difference of 0 between the tool and manually-collected data could not be rejected. A 

summary of the tool’s performance is provided in Section 5.1 of this thesis. From the results the PCA 

tool performed best and was then tested at the same location in each survey to assess the effects of 

lighting and resolution change.  

 
4.5.2 Site Grain-size Assessment 
 
In order to detect the impact of wave material arrival on the site’s grain-size distribution data, a 30 x 

30m grid that encompassed all surveys was created. Samples were selected from constant locations 

that existed within the masked extent of overlap amongst the orthomosaics (see Figure 17). Within 

each grid cell, a 4 x 4m image was sampled from a location that was not affected by water in any of the 

orthomosaics (Figure 19), allowing true detection of grain-size distribution change over time. In total, 

42 images were clipped from the larger orthomosaics and checked for any lighting or secondary warping 

4m 
 Figure 18 

Sample image used for testing the performance of photosieving tools. 
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issues. Images were processed in the PCA tool under the previously tested settings, with minimum cut-

off extent adjusted to match resolution and provide a consistent minimum b-axis length of 16mm. 

Image processing time averaged 2-3mins per image, with a total time of approximately two hours for 

the large surveys and one hour for the April survey. Total gravel counts were in the region of 30,000 

grains per orthomosaic. The success of grain identification was assessed visually from the output 

measurement images and images that showed poor grain identification were input again with further 

colour masking. The smaller April survey included 20 sample locations from the same grid and the same 

20 samples were considered separately within the July, August and September surveys for comparison 

with April, allowing assessment of the mid-section changes. 

 

 

 

This sampling methodology meant the time-consuming process of individual image georeferencing (e.g. 

Carbonneau et al., 2018; Woodget et al., 2018) could be avoided, while also overcoming the low 

brightness issues associated with full-extent orthomosaic images (Woodget et al., 2018). Ideally 

automated sampling across the orthomosaic surface would be programmed so manual image input 

would not be required, however this proved difficult with the pre-set PCA tool code. Ultimately this 

method allowed detailed sampling of b-axis grain-sizes throughout each orthomosaic at precisely 

definable locations. 

 

 

 

 

 

Figure 19 
Grain-size image sample locations, displayed upon the August survey orthomosaic. The August 
orthomosaic is included to show the shape of best fit and channel location, defining the sample 
locations. 
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4.5.3 PCA and Wolman Distribution Comparison  
 

Before the raw PCA b-axis data could be used to quantify the final grain-size changes within the site, it 

was necessary to compare the tools performance with the ‘validation’ Wolman results. For this process 

the b-axis data was grouped into the same logarithmic (base 2), millimetre grid-size bins used for field 

Wolman sampling. Cumulative frequency curves of grain-size distribution and other summary statistics 

were made, following the methods discussed in Sections 4.3.1 & 4.3.2. Overall distribution, percentiles 

(D50, D84) and other secondary grain-size statistics were compared between the Wolman and PCA 

results to determine the discrepancy and performance of the tool. For statistical comparison of the final 

cumulative datasets the same Mann-Whitney test used for tool comparison (see Section 4.5.1) was 

implemented, based upon the summarised D25, D50, D84 and D90 percentiles. This followed the similar 

methods of Zettler-Mann & Fonstad (2020) in order to appraise edge-detection distribution against 

Wolman ‘ground-truth’ data.   

 

Once the tool’s capabilities at the site-wide distribution scale were established the raw data was used 

to quantify the final grain-size and sorting changes. The D50, D84 and STD were calculated for both the 

masked extents (see Figure 17) summarising the key changes within the middle (April-September), and 

full (July-September) site areas. Normalised distribution curves were created from the logged full-site 

data to provide a visualisation of the final distribution change over time. To ensure statistical 

significance, the non-parametric Mann-Whitney test with a specified 95% confidence level was used 

(see Section 4.5.1). Therefore, any reported p-values of <0.05 represented a statistically significant 

change in grain-size over time. 

 

To relate the migration of the wave through the site to changing grain-size seventeen samples were 

then isolated along the active river channel’s length to assess downstream changes to size and sorting 

between the three larger surveys. The samples were taken from locations that had likely undergone 

aggradation (representing wave deposition) over the July-September survey period, this was judged 

from the DoD shown in Figure 16. 

 

Finally, grain-size sampling of four main facies units was undertaken with the PCA tool. The purpose of 

this sampling was to assist facies mapping for the fulfilment of the third study aim, while also offering 

an opportunity to test the finer-scale abilities of the PCA tool. Four sample locations within major similar 

gravel units were taken from the September map and orthomosaic, located at known positions where 

Wolman sampling of the units had been undertaken for performance consideration. The raw b-axis 
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length data was then used to provide the distributions and characterising D84 values for the 

identification of unknown unit boundaries in the high-resolution orthomosaics. 

 

4.6 SURFACE ROUGHNESS ASSESSMENT 
 

To fulfil the second study aim and investigate the hypothesised surface smoothing, the roughness of 

the three full-site surveys (July, August and September) was calculated from the matching extent 

masked dense point cloud surface. The roughness tool in the open-source software CloudCompare was 

used in the tools’ graphical user interface (GUI) (e.g. Vinci et al., 2020; Woodget et al., 2018; Woodget 

& Austrums, 2017). The tool assesses roughness based on the ordinary least squares best-fitting plane 

computed from a point’s nearest neighbors, providing a roughness value for each point. These nearest 

neighbor points are based upon the specified kernel size that defines the radius of the sphere 

surrounding each point. This adjustable kernel size was desirable as it allowed variations in cloud 

density to be overcome, allowing roughness comparison at the same scale between the three surveys. 

A kernel size of 20cm was scaled to and maintained between the three surveys, based upon prior 

knowledge of the site’s grain types and following the work of previous similar studies (Woodget & 

Austrums, 2017). This value was chosen as it would capture detailed surface topography variation, while 

excluding the noise of each individual grain. The output map layer from the CloudCompare roughness 

tool is shown in Figure 20.  
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The tool provides an absolute value of distance between the point and its best fitting plane. The 

absolute distance values from each point across the total surface of each survey then provides a single 

STD value for each surface, summarising the topographic variation of the point cloud. This value was 

then converted to effective roughness following the example of past surface roughness studies (e.g. 

Heritage & Milan, 2009). Overall lower effective roughness values were considered to represent lower 

topographic variation within the facies units, representing units with more homogenous, better sorted 

grains.  

Figure 20 
An example of the CloudCompare roughness output at a 20cm kernel size, shown within the tool’s GUI. 
Displayed is a segment of the August point cloud, with its accompanying histogram indicating the STD 
distribution across 256 classes.  
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The roughness outputs were then further evaluated for the purpose of facies mapping and completing 

the third study aim. Visual assessment of the roughness variability throughout the site in each survey 

(as displayed in Figure 20) indicated differences between the different gravel facies units, even those 

that displayed little elevation variability. These roughness dissimilarities can be attributed to both the 

unit’s grain-size and degree of sorting, while other factors such as imbrication caused undefined 

secondary complications (e.g. Pearson et al., 2017). The spatial variation of surface roughness was 

therefore used to assist in tool-informed facies mapping.  

 
4.7 TOOL INFORMED MAPPING 
 
In order to detect facies assemblage change with wave arrival, improvements to the original 

morphological maps needed to be made. Hillshades constructed from the SfM DEM surfaces were 

combined with the PCA tool to improve the detection of unclear unit boundaries. The CloudCompare 

roughness maps then further highlighted the edges of units, helping guide the determination of 

boundaries between units that displayed similar grain-size characteristics. Figure 21 displays the 

hillshade and roughness layers from the August survey, showing the variation in bed surface 

visualization. Final facies maps were completed for the full extent of each survey, and then clipped 

down to the comparable overlapping extent of the full and mid-sections. This allowed for comparison 

of assemblage change over time for the determination of wave impact. 

 

A B

Figure 21 
(A) Shows a section of the August orthomosaic with the semi-transparent hillshade map overlaid, to 
highlight unit elevation change. (B) the same survey section, with the surface roughness map.  
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4.7.1 Unit Proportional Changes 
 
To quantify the effects of wave arrival upon site facies assemblage the bulk areal unit changes were 

calculated in ArcMap, using similar methods to Calle et al., (2017). This was carried out for the masked 

overlapping extents of each survey. This method captured changes in the relative prominence of each 

unit better than absolute positional change, while minimising any georeferencing-sourced error (Zanoni 

et al., 2008). The area changes were then converted to overall proportional change within each extent. 

The same process was applied to the original sediment tongue map, so unit proportions could be 

compared to the sediment wave’s tongue signature. Local daily rainfall was included in the 

consideration of facies proportional change as a substitute for the lacking Hapuku River discharge data. 

This followed the results of Berger (2017) who found the neighbouring Kowhai River’s discharge trends 

matched local rainfall intensity relatively closely. NIWA’s CliFlo database (NIWA, 2019) was used to 

provide 2019 rainfall data from the nearest weather station.  
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Chapter 5. Results 

In this chapter the key results of the thesis will be discussed. Figure 22 below shows the chapter 

structure, with the three main sections outlining grain-size, roughness and facies assemblage changes 

detected within the study site. Firstly, a brief comparison of the performance of the two main 

photosieving tools (PCA and DGS) will be made in Section 5.1, outlining the decision for selecting PCA 

for in-depth grain-size sampling. Following this both the Wolman and tool-assisted grain-size 

distribution and secondary statistical results will be covered in Sections 5.2.1 and 5.2.2. Comparisons 

between the two sets of results will be made, outlining the appropriateness of using the PCA tool for 

drawing the final conclusions on grain-size changes within the site (Sections 5.2.3 & 5.2.4). Section 5.3 

will then summarise roughness quantification and adjustment, following the second study aim and 

hypothesis. Finally, Section 5.4 will show the products of the high-resolution tool-assisted facies 

mapping, revealing assemblage changes and allowing discussion and fulfilment of the third hypothesis 

and study aim. Overall the effects of the sediment wave’s arrival upon the gravel-bed surface of the 

study site are shown.  

Figure 22 
Flowchart showing the structure of Chapter 5. 
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5.1. PHOTOSIEVING TOOL SELECTION 
 

5.1.1 Tool Comparisons 
 

A brief comparison of two main photosieving techniques was undertaken to test which tool would 

provide the most accurate grain-size distribution results for testing the fining and sorting hypothesis 

and fulfilling the first study aim of this thesis. Firstly PC and PCA were compared using the July survey 

test image (Figure 18) to determine whether the automated version of Purinton & Bookhagen's (2019a) 

edge-detection tool provided satisfactory results. Pre-set values for adjustable variables were used, 

with ortho-image pixel resolution and the recommended Otsu threshold of 50% both specified. 

Surprisingly, the PCA tool outperformed PC, with 412 grains counted (vs. 248), a processing time of 

about two minutes (vs. six minutes including window-masking) and visually better ellipsoidal fit. Overall 

PCA was chosen as a product of the processing time, with almost identical distribution results seen 

between the two. Different PCA settings were then tested, and ultimately a threshold of 50% proved 

most successful, with minimum b-axis cut-off set to 7 pixels, which sacrificed some detail but kept 

processing time acceptably short. 

 

The DGS tool was then tested using the same image. The transferable wavelet approach gave rapid, 

simple estimates of the D25, D50, D84 and D90 percentiles, along with sorting and skewness. While these 

statistical parameters were useful for basic analysis and comparison, the tool failed to produce a full 

distribution of grain-sizes or provide a sample count, making it less useful for detailed assessment of 

the largest clasts in the system. Furthermore, the tool is not well-suited to poorly sorted material 

(Buscombe, 2019) and provided radically different grain-size values at each percentile when compared 

with same percentiles in the ground truth data.  

 

Figure 23 shows the variation of the PCA and DGS tools from the ground-truth validation (manual) data 

at different percentiles, with the PCA tool clearly outperforming the DGS tool. The difference in D50 

between PCA and the ground truth data was only 13.8mm, versus a difference of over 200mm with the 

DGS tool. Furthermore, the PCA tool successfully recognised 5 grains with a visible b-axis between 512-

1024mm, the same number that was recognised via manual measurement of the image. Close to 

identical D50s were seen between the ground truth and PCA results, with 35.3mm and 34.3mm 

respectively, suggesting that D50 was the best percentile to use for further grain-size comparison 
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purposes. The use of D50 was also further supported the fact that error seemingly increased with the 

grain-size percentile, something that was also noted by the authors (Purinton & Bookhagen, 2019a).  

 

 

 

Figure 24 shows the results of the Mann-Whitney statistical tests between the different photosieving 

tools and manually collected data. The reported p-value of 0.841 between the PCA and manually 

collected data suggests the hypothesis that the medians of the two datasets are the same could not be 

rejected at the 95% confidence level. On the other hand the DGS tool gave a p-value of 0.032, suggesting 

a rejection of this hypothesis and proving the inability of the DGS tool to emulate the ground-validation 

manual data. PCA clearly provided much more accurate measures, outperforming DGS and proving to 

be the best tool for the fulfilment of the study aims of this thesis. 

 
 
 
 
 
 
 
 
 

Figure 23 
The percent difference of the DGS and PCA tool cumulative results at different grain-size percentiles 
from the ground truth validation data (manual sample) in the same location. 
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5.1.2 Further PebbleCountsAuto Testing 
 
 
Once its performance as the best photosieving tool option was established, further testing of PCA was 

undertaken. From the initial July test image (Figure 18) the final grain recognition and grain-size 

distribution outputs of the PCA tool are shown in Figure 25. When compared with the same image from 

the other surveys lighting and resolution changes were shown to have negligible effects on the success 

of grain identification, with D50 values remaining constant, and D84 only varying by 2mm between the 

July, August and September surveys in the unchanged bed surface location.  

Figure 24 
Box plots comparing the performance of the PCA and DGS tools with the ‘manual’ Wolman validation 
data. The red crosses indicate the mean value of each dataset, based upon the four major percentiles. 
p-values were a product of Mann-Whitney statistical tests.  
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From the 42 images taken from each of the full-site orthomosaics the ability of the PCA tool to detect 

grains of different sizes under variable lighting conditions was visually assessed. More in-depth testing 

of the variables affecting the tool’s performance was beyond the scope of this thesis and had already 

been undertaken by its creators (Purinton & Bookhagen, 2019a). A selection of these photos is shown 

in Figure 26 below. Overall, the tool performed consistently in recognising grains regardless of lighting, 

with occasional over-segmentation of the largest grains if excessive shadows were present. From the 

results discussed in this section, and the thorough testing of the tool by its creators, confidence in the 

Figure 25 
PebbleCountsAuto test image outputs from the July orthomosaic. (A) shows grain identification, (B) a 
and b axes identification, (C) cumulative frequency curves showing ground-truth grain-sizes (Manual) 
and the best performing PCA results. ‘n’ indicates the number of grains counted.  

A B

C 

Grain-size/ mm 
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tool’s ability to detect the hypothesised fining and sorting changes in the study site was high. 

Furthermore, its adjustable resolution and lower cut-off made it applicable for the detection of 

different smaller-scale facies units, assisting the recognition of facies assemblage change.  

 

 

 

 

 

 

 

 

 

 

Figure 26 
Examples of PCA edge detection output from 4m clipped images of the three major orthomosaics. RGB 
images show the clipped orthomosaic surface and identified a and b axes while the cartoon images 
display the full grain surface. (A) Images represent typical small-medium gravel mixtures that make up 
the majority of the study site. (B) Displays large gravel-boulder sized clasts from the July survey, 
highlighting the tool’s capability to identify larger grain-sizes.  
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5.2 GRAIN-SIZE RESULTS 
 

5.2.1 Distribution Extraction & Comparison 
 

Both traditional and semi-automated grain-size assessment methods were used to evaluate 

adjustments to the surface gravels within the Hapuku River site for the fulfilment of the first study aim. 

Firstly, the traditional Wolman sampling results are discussed, and general trends are recognised. 

Secondly, the binned cumulative PCA results are discussed and compared to the Wolman ‘ground truth’ 

data for the months that they are available. Once the success of the tool is established the raw PCA-

derived grain-size results are used for more detailed examination of site-wide and downstream 

adjustments to the surface grain-size, revealing the impacts of wave arrival upon surface distribution. 

 

5.2.1.1 Wolman Sampling  
 

Given the coarse, heterogeneous nature of the pre-wave Hapuku River bed surface, it was hypothesised 

that the initial arrival of the wave’s tongue material would result in both fining (across percentiles) and 

an increase in the degree of sorting, following the findings of previous gravel pulse studies (e.g. Cui et 

al., 2005; Nelson et al., 2009). This hypothesis was initially investigated with basic Wolman sampling, 

for the purpose of assessing the PCA tool’s ability for extracting site-wide distributions. The composite 

Wolman sampling results from the April, July and September visits are shown in Figure 27 below. Each 

cumulative frequency curve consists of the totalled results from all facies sampled throughout the site 

during each site visit. While grain count (n) varied between the site visits, the minimum count was 

surpassed for each sampled unit, following the original suggestions of Wolman (1954), and can be 

considered approximately representative of the site’s grain-size distribution at that time. Overall, a 

clear decrease in grain-size at almost all percentiles was seen between April and July, with slight further 

fining seen between the July and September. The April survey displayed a higher proportion of fines 

below the 8mm truncation. These fines became less evident in the units that were sampled later in the 

study, either due to true removal/burial or reduced prominence with increased grain sampling. 
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 Figure 27 
(A) Composite grain-size distributions for the April, July and September field sites, n represents the grain count. Plot (B) compares the total cumulative 
frequency compositions for each month. 

April July September 

n= 578 n= 1399 n= 1814 A 

B 

Grain-size/ mm Grain-size/ mm Grain-size/ mm 

Grain-size/ mm 
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The Wolman-sourced cumulative frequency curves give an indication of the general trends shown by 

the bed’s gravels over time, however, they are not ideal for further statistical conclusions. The April 

sampling covered a smaller mid-section area of the July and September extents, and, while the same 

facies units were examined, this makes quantification of the true grain-size distribution changes within 

the site difficult. Furthermore, these results can only provide a rough estimate of change due to the 

binned data, rather than a precise, quantifiable value. For these reasons, the Wolman distributions are 

only used as a basis for comparison with the PCA results, ensuring the tool is capable of detecting similar 

trends to the approximate validation data. 

 
5.2.1.2 PebbleCountsAuto Sampling 
 
 
To ensure the true grain-size adjustments within the site were detected for the fulfilment of the first 

study aim and hypothesis, the PCA tool was used to extract more detailed and expansive grain-size 

distributions. Following this thesis’ initial tool testing (Section 5.1) and assessment by its authors 

(Purinton & Bookhagen, 2019a;2019b), confidence in the performance of PCA was reasonably high, but 

required further testing to ensure its ability to provide full distribution estimates in the specific Hapuku 

site. The raw data results were processed into cumulative frequency bins to match the Wolman data 

sets. Originally the tool yielded grain counts of approximately 10,000 for the mid-site section and 

30,000 for the full field site, from a total of 42 images per large survey. Total georeferencing errors 

between the different survey orthomosaics were low in absolute terms, ranging between 0.8 and 

0.07m, therefore it can be assumed that the 42 image locations were close to constant between the 

surveys. The PCA composite cumulative curve results are displayed in Figure 28 below, maintaining a 

cut-off of 16mm due to processing limitations. 
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Comparison against the Wolman distributions was then undertaken to ensure that the PCA tool was 

able to emulate similar results as those achieved in the field. The PCA cumulative results visually display 

a similar distribution to the Wolman cumulative frequency curves, both for the full site (July & 

September) and smaller (April) extents. July and April show coarser distributions, fining over time. 

However, the PCA results reveal a large amount of fines present within the August survey compared to 

September, something that was impossible to determine from the Wolman data alone. To assess the 

degree of difference between the tool’s performance and the Wolman results, Mann-Whitney tests 

(see Section 4.5.2) were completed between the months that had available Wolman data. Figure 29 

displays the results of this test for each month, based upon a 95% confidence interval. All three p-values 

were well above the 0.05 alpha value, suggesting that the PCA tool was capable of producing results 

that could not be rejected as statistically different from the Wolman distributions. When the greater 

clast count (over 30,000 grains for the large surveys) is considered, it can be concluded that the PCA 

tool provides a more representative full-site distribution, supporting its use for providing the final 

quantifications of grain-size change over time for the fulfilment of the first study aim.   

 

Figure 28 
Total composite grain-size cumulative frequency curves for the 2019 study site. Both the mid-section, 
(17 sample locations) and full section (42 sample locations) are displayed, with a cut-off of 16mm. 
Counts from each month were approximately 10,000 grains for the mid-sections and 30,000 for the 
full.  

Mid-Site Full Site 
Grain-size/ mm Grain-size/ mm 
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5.2.2 Secondary Grain-size Statistics & Comparison 
 

Once the cumulative distribution results of the PCA tool had been statistically compared with the 

original Wolman data further comparison was undertaken to ensure the tools ability to estimate the 

D50, D84 and STD values. The parameters of sorting, skew and kurtosis were also of interest as a 

secondary means of assessing surface sediment change within the site, beyond simply b-axis length 

(Blott & Pye, 2001). These various statistics were calculated for each of the four months cumulative 

datasets using Blott & Pye's (2001) tool GRADISTAT, based upon the Wolman and different site-extent 

PCA results, where available. GRADISTAT also provided a summary of the four grain-size datasets. All 

four surveys displayed unimodal distributions of coarsely skewed, moderately well sorted, mesokurtic 

gravels. Over time the proportion of very coarse gravels versus coarse gravels decreased. Table 4 

displays the key statistics for each of the four surveys, from both the PCA and Wolman cumulative 

datasets.  

Figure 29 
Box plots summarising the PCA and Wolman-derived grain-size distributions, based upon the D25, D50, 
D84 and D90 percentiles of each dataset. Red crosses represent the mean value, p-values are based 
upon the results of Mann-Whitney tests. 
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A simple comparison between the Wolman and PCA tools was then undertaken for the secondary 

statistics. Figure 30 summarises the percent deviation of the secondary statistics produced from the 

PCA cumulative results when compared to the same Wolman datasets. Overall D50 showed a small 

degree of overestimation when compared to the Wolman results, while D84 was consistently 

underestimated by the PCA tool. The D50 variability is likely in part due to the lower cut-off applied to 

the PCA tool, while the decrease in D84 may be attributed to the higher grain-count achieved with the 

tool, averaging out the grain-sizes present. These differences are also likely the reason behind the 

consistent underestimation of STD by the PCA tool when compared to the Wolman results. Skew and 

kurtosis showed inconsistent results when compared to the Wolman data, with April and September 

displaying overestimation by the PCA tool, while the statistics were underestimated in July.  

 

Table 4 
Key grain-size statistics for each of the site surveys based upon Wolman and PCA cumulative, binned 
results.  
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5.2.3 Final Site Grain-size Trends 
 

While some minor differences were observed between the Wolman and PCA outputs, these differences 

were not deemed statistically significant and the tool’s results were used for the final quantification of 

grain-size change. The greater coverage and grain count of the tool, combined with its additional August 

survey data, meant that the distributions were likely more representative of the overall site-wide 

changes seen over time. Furthermore, the similarities between the cumulative frequency datasets 

(Figure 29) suggest the tool is able to provide generally accurate (possibly improved) estimates of 

distribution, making it a more appropriate technique for the fulfilment of the first study aim and 

argument of the first hypothesis. Given this confidence, the raw grain-size (b-axis length) datasets were 

used to provide the final conclusions of surface grain-size change within the Hapuku River study site. 

Figure 31 shows the logged b-axis length results, indicating the narrowing and fining of grain-size 

distribution between July and September of 2019.  

Figure 30 
Percent deviations of the PCA cumulative grain-size parameters from the original Wolman datasets for 
the three surveys where ground-truth data was collected. 
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The trends in D50, D84 and STD were then further investigated to quantify the final captured grain-size 

adjustments. These final results are summarised in Table 5, showing both the mid and full site values 

from each month where available. The smaller mid-section was included to allow a brief comparison 

with the April, less disturbed, bed surface. From the mid-sections, a clear fining trend is apparent at the 

D84 percentile, with a final total decrease of 10.6mm. This change is also emulated at the full site’s 

extent, with a total decrease of 6.1mm at the D84 percentile. D50 adjustment in the mid-site location did 

not reveal a clear trend, which can be interpreted to be a result of the large amount of active channel 

erosion (see Figure 16) and mid-channel bar adjustment captured by this smaller extent, causing a 

disproportionate influence on the final D50 value. However, across the full site D50 clearly decreased, 

lowering by 2.2mm from 32.49 – 30.26mm between July and September of 2019. STD (here considered 

an approximation of sorting) clearly decreased drastically across both site extents, quantifying the 

overall decrease in the tails of grain-size distribution shown in Figure 31. The anomaly of the finer, 

poorly sorted August surface that was revealed by the cumulative results in Section 5.2.2 is quantified 

here, and the interpretations behind this are discussed in Chapter 6 of the thesis. 

 

 

Figure 31 
The final full-site logged grain-size distribution changes, derived from the original PCA data. 

/mm 
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The final trends in these grain-size percentiles and STD are shown in Figure 32 below. Overall the D84 

displayed a similar trend at both masked extents, decreasing much more drastically than the D50. The 

increased grain count and spatial coverage achieved in the full site surveys provided more information 

on the upstream end of the site, where wave arrival was having the most effect. The more apparent 

decline in D50 at this extent is therefore likely a product of the burial and infilling of the coarser upstream 

bar units within the site. Overall the more subtle decrease in D50 can be explained by the tongue 

material’s median grain-size differing less drastically from the original site than at the D84 percentile. 

This highlights the importance of other bed surface measurements beyond median grain-size as drastic 

bed texture changes may occur with only minor alteration to the D50. STD also followed similar 

decreasing trends at both masked extents, although complicated by the surprisingly poorly sorted 

August surface. From Table 4, skew and kurtosis followed no discernible trends over the timescales of 

this research and were therefore left out from further investigation 

 

 

 

  

Table 5 
Final D50, D84 and STD results extracted from the two masked extents of each orthomosaic using the 
PCA edge-detection tool. 
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In order to have confidence in the final quantifications of grain-size distribution change it was necessary 

to complete statistical analysis of the results. For the final conclusions of total grain-size change the 

mid-site (April-July) and full site (July-September) results were compared. Mann-Whitney testing was 

completed at the 95% confidence interval, and the results are shown in box plots in Figure 33 below. 

For the mid-site a p-value of 0.063 was recorded, meaning that the null hypothesis could not be rejected 

and not statistically significant change had occurred at this smaller extent. This was not unexpected 

given the minimal median change, likely as a result of the high proportion of both aggradational and 

Figure 32 
Trends in the D50, D84 and STD of the PCA raw grain-size data from each survey. Both the mid-section 
and full extent of the site are displayed.  
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erosional processes occurring at this scale, complicating the signature of wave deposition. At the full 

site extent the recorded p-value was >0.001, likely a result of the large dataset that was compared and 

the clear adjustment of median values. This small p-value allowed rejection of the null hypothesis and 

showed that statistically significant adjustment in grain-size distribution had occurred. These results 

lead the final quantifications of grain-size and sorting change to be concluded from the full-site b-axis 

length data between the July and September surveys. The final overall decrease of 2.23mm and 

6.09mm at the D50 and D84 percentiles respectively proves the hypothesised fining, while the STD also 

decreased by 5.77mm, representing the hypothesised increase in sorting.  

Mid-Site 

Full Site 

Figure 33 
Box plots comparing the first and last grain-size distributions for each site extent, showing the statistical 
significance of final distribution changes. p-values are a result of Mann-Whitney tests, at a specified 
95% confidence interval.  



69 
 

5.2.4 Downstream Trends 
 
Downstream changes to grain-size were also of interest in this study, as it was hypothesised that not 

only would the wave result in surface gravel fining, but also greater homogenisation of gravels 

throughout the site. By sampling downstream change from the actively aggrading bed locations it also 

allowed the signature of wave aggradation to be isolated, in order to further relate the changing 

distribution to wave arrival impact. Once the PCA tool’s performance was deemed satisfactory, it was 

used to assess randomly selected sites spaced along the active channel’s length in each of the three 

large surveys. April was not assessed as the orthomosaic’s coverage was too small and the noise of 

facies unit variability would obscure broader grain-size trends. The downstream D50 results from each 

full-extent survey’s orthomosaic are displayed in Figure 34 below. When averaged, a slight downstream 

fining trend was evident within the site, suggesting that wave arrival had not yet entirely disrupted this 

typical gravel-bed system trend. However, when the variability of D50 is examined, it is clear that rapid 

bed adjustments occurred over the three surveyed months in the sampled locations. The STD of the 

downstream D50 on the July bed surface was 1.56, which then increased to 2.24 by the August survey. 

The highly variable downstream grain-size trend seen in August represents the poorer sorting that was 

determined by the PCA tool (Section 5.2.3). The large increase in the amount of finer gravel in the 

August survey caused a considerable decrease in D50 at the majority of sample sites along the 480m 

channel length. By September some of these finer gravels had clearly been transported, and the D50 

trend along the active channel length had diminished, with a minimum STD of 0.81mm. As the 

downstream samples were taken from areas that had undergone aggradation this fining signature 

further supports the link between wave deposit arrival in the site and changing grain-size distribution. 

This helps confirm the assumption that the site-wide trends shown in Section 5.2.3 are linked to wave 

disturbance of the bed.  
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5.3 ROUGHNESS ADJUSTMENT 
 
Surface roughness at broader scales can represent the heterogeneity (or lack thereof) of gravel units, 

and can be used to indicate the presence of pulse disturbance to the bed’s surface layer (Madej, 2001). 

As wave arrival within the site occurs, it was hypothesised that roughness would decrease as the finer, 

generally homogenous wave material buried and infilled the variable facies unit topography. From the 

SfM generated point clouds, full surface roughness of the same location and extent was extracted from 

the three latter drone surveys (July, August and September) using the CloudCompare tool. Simple 

roughness estimates were calculated across the entirety of each point cloud surface and converted to 

effective roughness values (2σz). These final roughness values are shown in Table 6 below. Using such 

a broad-scale roughness approach lost the detail of specific grain-size or individual unit adjustment, 

however it provided overall estimates on the effect of pulse arrival on bed topographic variation. The 

results are displayed in Figure 35 below. As expected, the earliest survey that had undergone the least 

pulse encroachment (July) showed the greatest roughness at 0.042, and therefore the greatest surface 

topography. This roughness value then decreased drastically by the time of the August survey to 0.023, 

likely linked to the previously discussed finer gravels deposited upon the bed’s surface during that 

month. Roughness then increased slightly before the September survey, but only by approximately 

0.003, still displaying general smoothing of the bed surface over time. The decreasing roughness 

Figure 34 
The downstream D50 change shown in the July, August and September full site lengths. The averaged 
linear trend of the three months and the STD of the downstream datasets is also displayed.  
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predominantly represents the broader topography displayed by the site’s facies units and overall a 

conclusion of decreasing heterogeneity can be seen between the first and last large survey.  

 

 

Secondary controls of broad-scale roughness are also important to consider. The proportion of silt 

patches can change surface roughness values, complicating the signature of gravel facies alone. From 

facies mapping in Section 5.4.3 it is revealed that silt patch proportion decreases over time from 2.5% 

to 1%, relating to the trend towards a finer gravel, better sorted surface layer as wave material arrives. 

Large silt patches would be expected to increase surface smoothness; however, the decreasing silt 

proportion suggests that the decreasing roughness trend here is a product of the fining gravel size and 

increased sorting.  

 

The smoothing results support the hypothesis of bed surface homogenisation with sediment wave 

arrival within the site. The roughness results are consistent with the grain-size distribution findings, 

Figure 35 
Final effective roughness values for the masked extents of the July, August and September 
dense point cloud surfaces. 

Table 6  
Roughness values extracted from the three full site point clouds using the 
CloudCompare roughness tool. 
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with July showing coarser, poorly sorted distributions and a rougher surface which then fines and 

smooths with the arrival of wave material by the time of the final September survey (see Figure 16). 

August displays the finest grain-size and least rough surface, however, the poorer sorting suggesting a 

temporary increase to the amount of very fine gravels captured at the time of the survey. To understand 

the reasoning behind the site’s grain-size and roughness changes it is important to link them to the 

adjusting facies unit assemblages (Section 5.4) and the broader scale adjustments caused by the 

sediment wave within the site, both of which are discussed in Chapter 6.  

 
5.4 SURFACE FACIES UNIT ORGANISATION 
 

It was hypothesised that the wave’s arrival within the study reach would result in homogenisation of 

the surface texture and facies, transitioning the site’s assemblage towards the sedimentary signiture of 

the upstream tongue deposit. To test this hypothesis, high-resolution mapping of the gravel surface 

was carried out for each month, and SfM models paired with surface texture tools, were used to detect 

and quantify any change in the facies assemblage on the valley floor.  

 

5.4.1 Facies Unit Definitions 
 

In order to detec changes to the dominant sedimentary unis, and fulfil the third study aim, the facies 

present in the study site had to be well defined. Seven main units were recognised, although their 

position and proportion fluctuated over time, as reorganisation occurred under various flows between 

surveys. Table 7 provides a summary of these main units (F1-F7). Also included are three named coarse 

bars/bar remnants (U1-U3) which have been identified seperately, owing to the exceptionally large 

clast sizes and morphological prominence within the study site. The facies unit definitions are 

sometimes accompanied by additional process descriptions, following the characterisations of past 

surface unit work (e.g. Bluck, 1979, 1982, 1987; Reid et al., 2019). From the field work the approximate 

D50 and sorting of the units was revealed to be the primary distinguishing feature, given uniform 

lithology and frequently randomised orientations. Overall a D50 range of 22 - 90mm was found between 

the gravel units, while boulder units were defined by their size range, with boulders up to 2m in length. 

The first four units (F1-F4) tend to be found as adjacent units, holding a high proportion of surface 

coverage. It should also be noted that F2 comprises many smaller units, resulting from slight variations 

in process or energy, however here the unit has been grouped, representing lower elevation, poorly-

sorted and reworked older gravels. Similarly F3 was condensed into a single unit rather than the 

commonly separated bar sections (e.g. Hagstrom et al., 2018; Reid et al., 2019). 
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Table 7 
Facies unit description table. The code F represents the general facies units, with code U standing for 
the three named boulder units. The colours are used to relate the units to the corresponding facies 
maps and proportional change plots. 
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Interpretations of the process-form relationships were informed by past surface unit (Bluck, 1982; Reid 

et al., 2019) and preserved fluvial unit studies (Colombera et al., 2013; Miall, 1996), along with the DoD 

indicating locations of erosion or aggradation (see Figure 16). The establishment of these units was 

undertaken in the field, but in order to provide more objective quantification of the changes to the 

sedimentary makeup of the reach during incursion by the sediment wave, it was necessary to utilise 

the SfM outputs and surface texture tools for high-resolution mapping.  
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5.4.2 The Sediment Wave Tongue 
 

In order to investigate the hypothesised facies assemblage change, it was necessary to first understand 

the gravel organisation of the wave’s tongue deposit that was encroaching into the site. Relatively low-

resolution aerial images and in-field mapping were used to give a basic overview of the tongue’s 

sedimentary signature. A preliminary cross-section was taken upstream of the study site from the 

February 2019 LiDAR-derived DEM surface, visualising the elevation changes that the channel has 

undergone due to the arrival of the sediment wave. Figure 36 shows this cross section and the clear 

aggradation of up to 8m that had occurred since December 2016, just 300m upstream from the study 

site. This cross section indicates that the mapped area upstream of the site is truly representative of 

the surface of the migrating wave tongue deposit.  

 

A map of the surface organisation of the tongue material is displayed in Figure 37. The map represents 

an approximation of unit position based upon the relatively low-resolution (20cm/pixel) February 

airphoto image and the 1m/pixel hill-shade image. From the field mapping an absence of heterogeneity 

became clear, which is often characteristic of finer wave deposits (Allan James, 2010; Hoffman & Gabet, 

2007). The deposit could be described as ‘sheet-like’, with an overall signature of homogenous, 

relatively well sorted material represented here by unit F1. The coarser clasts present on the deposit’s 

surface were organised into bar units (F3). Overall, the rough proportions of the surface material 

Figure 36 
Cross section of the elevation changes seen in the downstream end of the main wave deposit between 
December 2016 and February 2019, 300m upstream of the study site. The profiles were extracted from 
the respective month’s 1m resolution DEMs.  
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indicated two thirds of the surface was comprised of the F1 unit, infilling around coarser F3 bars where 

the active channel had previously travelled. The F4 unit comprised about 10% of the upstream area, 

depositing into the lower elevation zones that were left by the active channel as it eroded down through 

the main wave deposits. It should be noted that the tongue map is simply a representation of the key 

surface characteristics of the wave deposits, missing the detail or accuracy that was captured by sUAS 

surveying in the downstream study site.  

Facies Units 

Figure 37 
Facies unit map of the tongue deposits immediately upstream of the study site. The map is based upon 
the February 2019 catchment orthomosaic and hill-shade images. The pie chart represents the 
approximate proportions of the four main units within the mapped AOI. 
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5.4.3 Tool-assisted Facies Mapping  
 

In order to detect changes in facies assemblage for the fulfilment of the third study aim, high-resolution 

facies unit mapping was required. For the purposes of accurate estimation of unit position and 

boundary extent the use of roughness and grain-size tools allowed refinement of the mapping process.  

The main unit mapping of the study site was based upon the high-resolution orthomosaics and hill-

shade layers generated from the four sUAS surveys. This SfM-based method was a clear improvement 

from the airphoto images (used in Section 5.4.2), and was found to be successful for distinguishing 

between units with clear elevation differences on the order of 20-50cm (e.g. F6). The PCA tool was then 

also used to distinguish between units that displayed subtler differences, basing the judgement of their 

extent upon their Wolman-derived D50 and D84 values (Figure 38). Until this point the PCA tool had only 

been used at broader scales, however for the recognition of units the minimum cut-off level was 

lowered to 11mm, revealing finer-scale differences. Grain-size was only used as a means of unit 

comparison, with accurate estimation of distribution not required. For this reason comparison of the 

four main units was undertaken simply to ensure matching trends between the Wolman and PCA 

results. Figure 39A shows the cumulative frequency converted PCA data for each of the major units, 

revealing that general trends in characterising D84 emulated the Wolman results, with fining between 

F3, F2, F4 and F1 consecutively. Figure 39B shows the general distribution of the logged unit grain-size, 

giving an indication of unit sorting differences, assisting the identification of unknown unit boundaries 

in the orthomosaics.  

Figure 38 
The representative D50 and D84 values of each of the four main facies units within the site, based upon 
original Wolman sampling of the units during July and September.  
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For the purposes of unit identification, it was simplest to estimate a single, grain-size percentile. From 

Figure 39 it was clear that D84 values showed the greatest variation between units, and the trends 

matched those found in the field (Figure 38), even if the exact value was underestimated by the tool. 

For this reason, the PCA tool proved capable of detecting the differences between units such as F1, F2 

and F3, based upon their estimated D84 values. This allowed detailed assemblage mapping by using the 

tool upon areas of the orthomosaic where the gravel unit identity was unclear. The final facies maps 

therefore allowed better quantification of surface facies organisation change over time for the 

investigation of the hypothesised homogenisation of units. 

 

For some units, grain-size was only partly useful for defining unit position and didn’t allow exact 

positioning of boundaries. For example, F2 and F4 displayed only marginally different grain-size 

characteristics and instead were defined more by their degree of sorting and inter-unit relationships. 

For sorting variations, the PCA tool gave some indication, but the site-wide roughness maps produced 

in CloudCompare better revealed inter-unit roughness variations. Units with larger grains generally had 

greater roughness values, as their topography was more variable. Even between units with little grain-

size variation, the roughness value could drastically alter as poorly sorted units displayed more 

elevation change than their better sorted counterparts. The roughness of the point cloud surface mainly 

Figure 39 
(A) PCA-derived composite grain-size distributions for the four major facies units found in the study 
site. Dashed lines indicate the D84 percentile relationships between the four units. (B) Distribution 
curves of the four main facies units, created from the raw PCA data from each unit. 
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helped to distinguish between the F1 and F2 units, ultimately revealing the areas of sediment wave 

material deposition in the site over time. 

 

The final facies maps are shown in Figure 40, also indicating the position of the active wet channels 

(primary and secondary) and vegetation. These maps display far more detail and positional confidence 

than would have been achievable using lower-resolution, catchment-wide aerial images, or field 

estimations alone. These results confirm the success of similar studies using these tools for the 

definitions of finer-scale unit organisation (e.g. Marteau et al., 2017), but have also shown the 

importance of initial field data collection for validation and unit description.  



80 
 

 

Facies Units 

Figure 40 
Facies unit maps of each of the four month’s orthomosaic surfaces. The full site extent is represented by the black polygon outlines.  
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5.4.4 Facies Unit Positional Change 
 

The passage of wave material through a system has been found to infill and smother bedform units (in 

this case the various gravel and boulder facies), reducing roughness and increasing homogeneity within 

the system (Kasai et al., 2004b; Madej, 2001; Zunka et al., 2015). Given the pace of response to landslide 

inputs in the Hapuku, it was envisioned that the wave of material would pass through the mid-reach 

site over the time scale of this study. One way of assessing the bed’s sedimentary response was via 

assessing unit positional changes. The homogenising trend is apparent from the maps in Figure 40, with 

a steady increase in the prevalence of the F1 and F4 units that represent the newly arriving, finer wave 

material within the system. The greatest amount of change to unit assemblage within the study site 

was seen between the July and August maps, while more minor adjustments occurred between August 

and September.  

 

As would be expected, the changes began upstream, closer to the encroaching wave tongue deposit, 

before propagating further through the site. Deposition of both the F1 and F4 aggradational units is 

seen to closely follow the position of the active main and secondary channels, representing areas of 

overbank deposition amongst older reworked facies during mobilising flows that promote channel 

migration and overbank deposition. In some isolated areas (surrounding the vegetated bar at the 

downstream end of the study site) the increase in F1 has no visible channel association and represents 

areas where secondary minor channels flowed during high-flow events, with channel linkages 

occasionally obscured at the map scale. The extents of the F4 unit are seen to drastically change in 

position and extent between the four surveys, representing the laterally adjusting nature of the river 

channels under varying flow stages. The re-appearance of F5 in the September survey after its absence 

in the August survey also highlights recent lateral channel migration within the site, allowing more 

widespread deposition of the F1 and F4 units. These unit changes are further supported when 

compared to the May-November DoD (see Figure 16), highlighting F1 and F2’s aggradational 

associations and the lateral movement of the active channel through time.  

 

In general, the F3 coarse gravel bars remained unmoved in the mid and lower sections of the maps 

between the four surveys. Some bars were reworked in the upstream areas where lateral channel 

adjustment occurred. The movement of the main channel from the East side of U3 to the West side 

between the July and August surveys is the clearest driver of F3 disruption, with some bars entirely 

eroded during this time, either transitioning into the reworked F2 unit, or infilling with the oncoming 
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wave’s signature facies. Of the bars that experienced reworking, but were not entirely eroded, it was 

common for the tail portions of the units to be entrained, shortening the overall bar form (visible 

between the mid sections of the July and August surveys.) This process has been noted in previous 

studies (e.g. Reid et al., 2019), with the coarser bar head material remaining resilient to minor 

mobilisation events. Overall it appears that the F3 coarse gravel bars are relatively permanent within 

the site, requiring higher energy flood events than were experienced during this survey period in order 

to be reworked. However, with the encroaching wave material it is likely that the bars will become 

buried over time, further promoting bed surface homogenisation, fining and smoothing.  

 

For the coarser bar units (F6 and F7) little change was seen between surveys, with some slight 

reductions in the tail end of some platforms by September. Similarly, for the named U1 and U2 units, 

there was little change in planform extent, with some slight erosion of the U2 unit where the main 

channel bend migrated Eastward in the middle of the site between the July and August surveys. The U3 

unit showed considerable dissection by the finer F1 unit over time which is characteristic of coarse 

facies adjustment, where finer deposits are mobilised through and deposited in lower turbulence zones 

amongst the larger clasts (Dietrich et al., 2006). This prolific dissection can be inferred to be due to U3’s 

upstream position, where it is exposed to greater quantities of the wave material, but also due to the 

coarsest boulder clasts in the system creating low energy accommodation space for the trapping of 

finer deposits. Other small-scale adjustments to unit position and presence within the site occurred, 

but are less visually apparent. For quantification of unit adjustment, it is necessary to examine surface 

proportional changes of units over time, allowing conclusions to be drawn on the impact of the 

encroaching wave material upon the bed surface organisation in the site.  

 

5.4.5 Facies Unit Proportional Change 
 

For the fulfilment of the third study aim, it was necessary to quantify change in unit assemblages, 

relating these adjustments to wave arrival. The changes to areal proportion of facies units indicates the 

changing morphosedimentary organisation of the river bed surface over time (Calle et al., 2017). If the 

process-form linkages are understood for the different facies types, then the changing processes within 

a system can also be interpreted, linking erosional and depositional forms through time (Colombera et 

al., 2013). To compare the proportional changes of unit assemblage, it was necessary to mask the 

extents of the surveys to the same areas. The results of the two different overlapping extents (April-

September mid-sections and the July-September full site sections) are shown in Figure 41 below. The 
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mid-site extent was useful as it covered an area of the site that had undergone considerable channel 

adjustment (see Figure 16). This smaller extent also allowed comparison with the April survey, prior to 

the wave’s arrival, for more complete investigation of the hypothesised wave arrival impact. 

Figure 41 
Areal changes to the four main facies units between the different surveys, under the two masked 
extents. Daily and cumulative rainfall between the months of February and November 2019 is included, 
indicating the relation of major rainfall events compared to the timing of the surveys (dotted lines). 
Green lines indicate the approximate timing of the LiDAR surveys used for the interpretation of 
aggradation/erosion location within the study site (see Figure 16).  
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The four most prolific units were examined, as the boulder features in the site showed little comparable 

change in terms of aerial extent, providing less information on the wave’s influence in the site. Silt patch 

change was also considered as a secondary indicator of infilling and energy change at the bed’s surface. 

The timing of each survey is then also related to the daily rainfall behaviour in the Hapuku catchment 

region as a secondary representation of likely higher discharge events, following similar methods 

undertaken in the neighbouring Kowhai river (Berger, 2017). The timing of the changes to unit 

proportion can be attributed to these higher-flow events, causing mobilisation of the finer portions of 

the wave tongue deposit upstream and therefore bed aggradation and deposition of units representing 

the tongue’s sedimentary signature within the study site. There was a clear increase in the proportion 

of F1 in both section extents, with an increase of 20% in the middle sections of the site, and an overall 

increase of 12% site-wide between July and September. Similarly, there was an increase of around 5% 

in the proportion of the other depositional unit (F4) in both sections.  

 
The F3 bar units, while depositional, decreased in areal proportion. This can be attributed to the 

homogenising effect of the F1 & F4 units, and overall flood energy that was likely too low during the 

survey period for mobilisation of the coarser gravel required to form bar heads. Overall, the 

proportional extent of F3 decreased 10% by August in both sections, before slightly increasing again by 

3-5% before the September survey. This increase can be attributed to the lateral migration of the river 

channel in the middle-region of the study site between August and September, causing isolated and 

transient deposition of new mid-channel bar features. The proportional extent of the reworked F2 unit 

decreased by 25% in the middle section of the site, and by 10% site wide from July-September. This 

decrease is linked to the increase in aggradational units as they infilled the lower elevation sections of 

F2. Similarly, there was a decrease in the proportion of silt in the site as the more homogenous gravel 

units became prevalent.  

 

Overall, the greatest change to unit proportions was seen between July and August, despite a much 

longer period of time passing between April and July. This is a result of the increased rainfall in July, 

with the highest daily accumulation seen during the survey period. Changes to the proportion of facies 

units F1 and F4 are explained by the observed aggradation in the site (see Figure 16). As a result of 

deposition of sheets and lobes of gravelly material via widening of flow paths, accompanied by 

enhanced selective transport, there is a transition towards a more homogenous bed, supporting the 

third hypothesis. The changes to facies unit type, position and proportion are relatively gradual, 

however they display more drastic changes than site-wide grain-size or roughness alone. The changes 

to facies unit assemblage assist in the interpretation of the fining grain-size distribution and smoothing 
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roughness values. These change interpretations are explored further in Chapter 6, in order to make 

final conclusions on the research question of this thesis.  
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Chapter 6. Discussion 

Each of the study aims will be separately discussed in Sections 6.1 – 6.3, answering the final research 

question: How will the passage of a sediment wave effect the bed surface characteristics of grain-size, 

roughness and overall facies unit assemblage within a mid-reach of the Hapuku River? Within each 

section the key findings of the results, and their support of the initial proposed hypotheses (Chapter 3) 

will be reflected upon. A brief consideration of the likely future adjustments of the bed surface is then 

made, based upon these results (6.4). The implications of the findings are then discussed in the context 

of both the specific Hapuku River case study, and sediment pulse research as a whole (Section 6.5). It 

is important to also reflect upon the study methods of this thesis, so major limitations will then be 

identified (Section 6.6). Finally, any research gaps that have been clarified by the findings will be 

highlighted, and accompanied by recommendations of future areas of necessary investigation (Section 

6.7). 

6.1 STUDY AIM ONE:  
 
To investigate the impacts of wave arrival and consequent aggradation on grain-size distribution 

in the Hapuku study site, using traditional sampling and a new methodology implementing high-

resolution orthomosaic imagery with a semi-automated grain-size estimation tool. 

 

6.1.1 PCA and Grain-size Methodology Success 
 
Overall, the semi-automated method for grain-size distribution extraction was successful, allowing bed 

surface adjustment quantification for the fulfilment of the first study aim. The PCA tool outperformed 

other photosieving options, both theoretically and through testing. Techniques involving calibration 

such as image textural analysis have been proven successful in the past (e.g. Black et al., 2014; 

Carbonneau et al., 2005; Verdú, et al., 2005), however the calibration and output conversion process is 

now somewhat unnecessary, given the latest advancements in edge-detection. Some tools that have 

sought to use autocorrelation still come with secondary issues. The comparison undertaken in Section 

5.1 showed that Buscombe's (2013) DGS tool provided results that varied greatly from the ground-

validated dataset, overestimating the mean by approximately 200mm, while also not providing a full 

distribution of grain-sizes. PCA was also seen to be an improvement upon other previously popular 

edge-detection techniques (e.g. Butler et al., 2001; Detert & Weibrecht, 2013), because, unlike other 

tools, the lighting/contrast differences between surveys caused few issues in PCA’s ability to detect 

grains. By combining the new PCA tool with the clipped orthomosaic method, building upon past similar 
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studies (e.g. Carbonneau et al., 2018; Zettler-Mann & Fonstad, 2020) the high resolution and detail 

captured by the low-flying sUAS surveys was fully taken advantage of. The novel image clipping method 

also allowed the grain-size of any location upon the full orthomosaic to be extracted, ensuring 

consistent sampling over time (albeit with georeferencing error) and also facies unit identification 

where desirable. This method also avoided the requirement of time-consuming individual image 

georeferencing, or error associated with poor full-scale orthomosaic lighting, again highlighting the 

usefulness of this approach over past similar methods (e.g. Carbonneau et al., 2018).  

 

When the final site PCA-extracted grain-size distributions were converted to cumulative frequency and 

compared with the Wolman results (see Sections 5.2.1, 5.2.2 & 5.4.3), no statistically significant 

difference (at a 95% confidence level) between distributions was found. In general, the tool’s percentile 

percentage discrepancies were similar to those suggested by the creators of PCA (Purinton & 

Bookhagen, 2019a), although slightly greater here, given larger image sizes and detection cut-offs. 

Overall, there was consistent, slight site-wide overestimation of D50 while D84 and STD values were 

underestimated when compared to the Wolman results. Despite this variability, it has been suggested 

in the past that photosieving methods can offer measurements that are more representative of true 

surface grain-size than flawed Wolman sampling alone (Neverman et al., 2019). This argument was 

likely supported here. The frequent bias and underestimation of grain-size caused by Wolman sampling 

(Stähly et al., 2017) was overcome by PCA, as the tool displayed no clear size bias and precisely 

measured true metric axis length. In total, the tool provided grain counts of around 30,000 for the full 

extent surveys, a number that would be simply unachievable through field methods. Samples were also 

taken indiscriminately from across the dry bed, suggesting distributions that were highly representative 

of the true surface. Overall, PCA was not without limitations, which will be discussed in Section 6.6, 

however, in general the tool was highly successful. When applied to the high-resolution orthomosaics 

PCA allowed true quantification of grain-size distribution change, revealing the effects of wave arrival 

upon the bed surface. 
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6.1.2 Grain-size Change Interpretations 
 

Exactly how the gravel-bed surface would adjust in response to sediment wave passage was initially 

uncertain given the importance of the threshold conditions prior to disturbance (Brierley & Fryirs, 2016; 

Pitlick, 1993; Surian et al., 2009). The form of wave dispersal and impact is dependent upon the 

exchange of sediment between the wave deposit and the reach through which it is migrating (Wathen 

& Hoey, 1998). Based upon the previous literature (e.g. Cui et al., 2005; Nelson et al., 2009), it was 

hypothesised that the grain-size would fine across the D50 and D84 percentiles as the sediment wave 

entered the site, due to the combination of a previously present coarse gravel/boulder surface layer, 

and the finer homogenous characteristics of the encroaching tongue material (see Section 5.4.2). It was 

also hypothesised that the sorting of the surface grain-size distribution would increase as 

heterogeneous gravel units underwent infilling and burial during aggradation, while over time, periodic 

flushing of fines further promoted sorting (Venditti et al., 2010). Not only were the surface 

characteristics of both the site’s bed and the wave’s tongue deposit important, other factors such as 

channel morphology and sediment transport rates also imposed secondary spatial and temporal 

boundary controls upon the degree and location of grain-size distribution change (Best, 1988; McLaren 

& Bowles, 1985). Figure 42 shows a larger version of the 2019 May-November LiDAR-sourced DoD, 

previously referred to in Figure 16. The DoD reveals areas where concentrated elevation change likely 

occurred over the 2019 survey period. Key locations of erosion and deposition are shown, indicating 

the prominence of aggradation within the site, while isolated areas of erosion show active channel 

widening and migration. Overall, the figure provides proof of wave deposition within the site and a 

means of relating the bed texture changes to ongoing aggradational processes. 
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Figure 42 
DoD of the November and May LiDAR-derived DEMs, highlighting the locations of aggradation or 
erosion within the study site survey boundary.  
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6.1.2.1 Full-Site Adjustments 
 

From the repeat surveys undertaken between April and September 2019 a picture of subtle grain-size 

adjustment was revealed, related to aggradation of the bed during the arrival of finer wave material 

within the site. Final conclusions on the grain-size change were made from the full site extent between 

July and September, as these results proved a statistically significant adjustment in grain-size 

distribution at the 95% confidence level. The D50 was seen to decrease by 2.2mm (6.7%) for the whole 

site, with a final value of 30.26mm, while D84 decreased more drastically by 6.1mm (10.1%). STD of the 

grain-size distribution also decreased by 5.77mm (17%) between July and September, proving the 

hypothesised increase in sorting with wave deposit arrival. Distribution changes may have differed 

slightly if the finest fractions of the surface were discernible with the PCA tool, however these finer 

gravels were proportionally low within the Hapuku site. Silt abundance also decreased over time, which 

is discussed further in the consideration of facies unit adjustment (see Section 5.4.5). Overall, the final 

quantification of grain-size distribution revealed considerable, statistically significant, adjustment over 

the short time period of approximately three months. This adjustment became even more notable 

when the lack of high magnitude rainfall events during this time period is considered (MetService, 

2020). These results highlight the sheer scale of the upstream sediment wave and the ability of the finer 

tongue portion to be mobilised during relatively low magnitude flow events.  

 

The consistent fining and sorting trends between July and September were interrupted by the August 

survey, with the lowest recorded D50 value (28.77mm). This could be a product of the grain-size 

estimation error, however, given the thorough testing of the PCA tool this was unlikely. Instead, this 

fining is interpreted to be a result of higher sediment transport into the site between July and August. 

While the winter survey period of this study was generally dry when compared to the 2019 monthly 

averages, a reasonable amount of precipitation did occur between the July and August surveys 

(MetService, 2020), likely acting as a trigger for sediment mobilisation into the study site. A greater 

amount of finer gravel was therefore briefly at the surface when the August analysis was undertaken. 

This material was then likely preferentially transported from the site during minor mobilisation events 

prior to September, increasing the D50 slightly. This increase in fines also caused a higher STD of the 

grain-size distribution to be recorded for the full site extent in August, a value that once again decreased 

by the September survey. Overall, there is a trend towards a better sorted, finer grain-size distribution, 

representing the signature of the sediment wave’s arrival and deposition, proving the first hypothesis. 

These results are characteristic of what would be expected in a coarse gravel-bed system undergoing 
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extensive aggradation caused by sediment wave infilling and burial by finer, more homogenous 

material (e.g. Cui et al., 2005; Nelson et al., 2009).  

 

6.1.2.2 Mid-Site Adjustment Consideration 
 

The isolated mid-site analysis was completed in order to compare the bed surface changes with the 

April ‘pre-pulse’ setting that only included a smaller survey extent. As was expected the mostly 

undisturbed April surface displayed the highest D84 and poorest sorting of any of the mid-site areas, 

highlighting the pre-pulse heterogeneity of the bed surface. Overall, the final mid-site distribution 

changes seen between April and September did not show a statistically significant adjustment at the 

95% confidence level, and D50 was seen to fluctuate between the different surveys. When the smaller 

April extent is compared with Figure 42 it is clear that prominent lateral channel migration occurred 

within the smaller mid-section area, with erosional processes somewhat masking the overall wave-

associated aggradation signature. It was likely these variable erosional and aggradational processes that 

caused the fluctuation in D50, suggesting the fining trend exhibited at the larger site extent is associated 

with the larger-scale dominance of bed aggradation. Overall, this smaller extent was less useful for 

determining the textual impacts of sediment wave passage but did reveal the importance of 

aggradation for the fining and sorting trends seen at the full site extent. 

 

6.1.2.3 Downstream Adjustments 
 

By assessing the downstream grain-size adjustments the site distribution changes were given spatial 

context, ensuring the changing grain-size distribution could be linked to the migrating wave material’s 

impact upon the site’s bed texture. Samples were taken from locations where active aggradation had 

occurred (see Figure 42) to capture the true effects of wave deposition over time. An overall decrease 

in D50 was shown, homogenising between 30-32mm. STD of the D50 values also decreased between the 

different downstream sample locations, showing a reduction in any downstream grain-size differences 

as the surface homogenised towards the bed texture of the upstream, sheet-like wave tongue deposit. 

These downstream changes add to the site-wide distribution adjustments to support the hypothesised 

fining and increase in sorting. The downstream distribution changes likely occurred due to the 

combined product of burial and infilling of the previous coarser surface layer, along with periodic 

flushing of fines during mobilising events, creating a better-sorted surface (e.g. Venditti et al., 2010). 
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The downstream analysis then provides insight into the changes that could be expected site wide, if 

greater magnitude mobilising events prompt full valley width deposition in the future.  

 

6.2 STUDY AIM TWO:  
 
To investigate the effects of wave arrival upon surface roughness, using high density point 

clouds.  

 

The results discussed in Section 5.3 proved the hypothesised decrease in total surface roughness with 

arrival and passage of sediment wave material in the site. This supports the findings of past sediment 

studies (e.g. Hoffman & Gabet, 2007; Mueller & Pitlick, 2013), and suggests an overall adjustment in 

the amount of surface resistance to flow and sediment transport. As shown in Figure 42, aggradation 

dominated within the site over the course of the study period, supporting the idea that smoothing of 

the surface was a result of infilling and burial of the previous coarse layer. Site-wide average effective 

roughness between point cloud points decreased by 0.016 2σz (38%) between July and September of 

2019. This moderate value can be explained by the adjustment of the facies units displayed at the site’s 

surface (see Section 5.4.5), transitioning towards a higher proportion of better sorted, smoother units 

associated with aggradation.  

 

Some areas of the surface that underwent little reworking or deposition (primarily the largest boulder-

dominated bars or sections of the F2 reworked gravel unit), still likely maintain a considerable influence 

upon the total effective roughness value. Other constant features such as larger, isolated boulders and 

woody debris also likely played a somewhat disproportionate role in the final roughness adjustment 

seen at the surface. Overall, the changes to effective roughness were likely more significant in terms of 

morphodynamic influence than was revealed by the point-clouds and CloudCompare tool. The 

reduction in roughness can be expected to play an important role in the passage of the sediment wave 

further downstream, as the coarse heterogeneous armour layer is destroyed and the bed resistance to 

sediment transport is reduced (Cui et al., 2003; Madej, 2001). This resistance change may allow flow 

events of smaller magnitudes than previously required to have a greater potential for wave 

mobilisation. For this reason, the reduction in effective roughness can be interpreted as playing a role 

in forcing the channel bed closer to an adjustment threshold (e.g. Fryirs et al., 2012). Furthermore, the 

smoothing of the surface also decreases the likelihood of future bed reorganisation into heterogeneous 

units, due to a reduction in variable turbulent flows (Hardy et al., 2010). This promotes a more complete 
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and permanent transition of the site towards the sheet-like, smoother sedimentary characteristics of 

the main wave tongue deposit.  

 

Overall, the measure of surface roughness as a whole did reveal the hypothesised smoothing and 

fulfilled the second study aim, but only provided one way of considering the true impact of sediment 

wave arrival on bed surface texture. Previous large boulder or wood features likely played a role in 

masking the site-wide averaged roughness, complicating the true signature of the wave’s impacts. This 

highlights the need to consider roughness alongside grain-size distribution changes and facies 

assemblage adjustment, in order to gain a deeper understanding of wave impact, and the likely future 

morphological adjustments that may occur (Madej, 2001). 

 

6.3 STUDY AIM THREE:  
 
To assess the changes of bed surface facies assemblage and proportion with wave material 

arrival via high-resolution mapping, utilising SfM, grain-size and roughness tools to improve upon 

traditional mapping for capturing unit change. 

 

6.3.1 Tool Performance for Facies Mapping 
 

For the investigation of the hypothesised changes to facies assemblage, tool-assisted, detailed analysis 

of the bed surface was required. It was found that the PCA tool’s extracted distribution discrepancy 

from the Wolman sampling results increased with the grain-size of the surface examined, matching the 

findings of the tool’s authors (Purinton & Bookhagen, 2019a). However, the tool was still able to 

successfully distinguish between the size and sorting characteristics of different units, allowing patch 

testing of any desirable point upon the orthomosaic surfaces. For this reason, the PCA tool proved 

useful for the characterisation of different facies units, and was a vast improvement upon traditional 

field-based unit mapping. Given PCA’s user-friendly nature it could easily be applied in other fluvial 

systems where facies unit mapping is desirable, providing the image inputs are high-resolution and 

surface clasts are primarily within the gravel range.  

 

Surface roughness maps and SfM DEM-based hillshades also assisted the creation of the final facies 

maps. Overall it was a combination of techniques that allowed the true detail of sediment wave impact 

upon natural bed surface to be defined. Carrivick & Smith (2019) have discussed the plausibility of 

future complete automation of gravel surface unit detection. While full automation was not achieved 
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here, the methods used showed how emerging technologies can allow a multi-faceted approach to 

facies mapping, using different bed texture variables with bed topography to delineate accurate unit 

boundaries.  

 

6.3.2 Facies Assemblage Changes 
 

The results of this thesis supported the hypothesised homogenisation of facies units and adjustment 

towards the surface gravel organisation of the tongue/downstream end of the sediment wave. Prior to 

wave arrival the study site’s bed surface consisted of a coarser, rougher and more heterogeneous 

armour layer (captured in the April surveying), primed by isolated deposition of randomly mobilised 

pulse sediment since the 2016 earthquake. Varying flows and turbulence associated with the roughness 

of the different units would then have further reinforced the inconsistency between the different facies 

(Lisle & Madej, 1992; Parker et al., 2003). The encroaching sediment wave material has since disrupted 

this heterogeneity, revealed by the facies mapping and unit proportional change results. 

 

6.3.2.1 Sediment Wave Tongue Dispersal 
 

For the changes to the site’s facies assemblage to be understood the sedimentary signature and 

dispersion of the wave’s tongue deposit first had to be considered. Overall, the results shown in Section 

5.4.2 revealed the wave tongue’s sedimentary signature was characterised by overall homogeneity, 

with the aggradation-associated F1 and F4 units comprising approximately 75% of the mapped dry bed 

surface area (see Figure 37). Both units are characterised by well sorted medium gravels with D50 values 

ranging between approximately 25 - 30mm, forming the overall fine, sheet-like surface of the deposit. 

Following the third hypothesis it was therefore expected that the study site’s surface organisation 

would adjust towards this homogenous sedimentary composition as the wave material migrated 

through. While the beginnings of this hypothesised facies adjustment were shown throughout Section 

5.4, the surrounding channel morphology played a role in slowing the passage of the wave into the 

study site. The tongue has seemingly been shaped by the surrounding valley margins, with the funnel-

necking valley walls narrowing just upstream of the study site, causing a halt in the downstream extent 

of the tongue, revealed by the February 2019 LiDAR coverage. The cross section (Figure 36) also 

revealed the influence of the river bend, with greater aggradation on the inside of the bend as the 

channel follows the area of maximum shear stress (Powell, 1998). The confined valley setting is also 

interpreted as playing a role in the more minor dispersion seen within the study site over the 2019 
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survey period. Instead of migrating as one mass deposit, the tongue material is seen to enter the site 

via previous active channel position (see erosional locations in Figure 42), infilling lower elevation areas 

beside the channel and distributing throughout the site, rather than encroaching only into the upstream 

section first. Greater movement of the deposits may have been seen if more notable mobilisation 

events had occurred, however under the discharge conditions seen during the survey period, only the 

finer gravel units appear to have been mobilised, as would be expected under lower flow conditions 

(Dietrich et al., 2006). This deposition pattern gives insight into the locations that can be expected to 

undergo aggradation first further downstream in the Hapuku River. 

 

6.3.2.2 Site Facies Assemblage Adjustment 
 

The hypothesised homogenisation of the site’s facies units was seen. The high proportion of F1 at the 

tongue’s surface explains the rising prominence of this unit within the study site overtime, increasing 

by 20% in the middle of the site between April and September, and by 12% site wide between July and 

September. The F4 unit also increased by approximately 5% in both sections, giving a collective increase 

in the proportion of wave-characterising units of 17% over the survey period. When related to the 2019 

November-May DoD (Figure 42), these units are mainly associated with the areas of concentrated 

aggradation, further supporting the interpretation of their increase representing wave material impact 

within the site. Specifically, the unit deposition locations are partially controlled by areas where channel 

lateral migration or widening is visible, linking the site’s sediment routing to the positioning of facies 

assemblage change. The aggradation-associated unit increase helps explains the site-wide fining and 

increasingly sorted grain-size distribution, along with the decreasing effective roughness that was 

captured by the repeat surveys. This can also help explain the finer August anomaly, as the sudden 

increase in the proportion of the F1 and F4 facies units between July and August (due to a brief increase 

in tongue material mobilisation), caused rapid fining and smoothing within the site.  

 

Beyond the behaviour of the gravel units, other surface changes across the dry bed also revealed 

sediment wave arrival effects. The proportion of silt was seen to half in the full site area between July 

and September. This change can be attributed to the potential burial of the low energy feature, or a 

result of flow turbulence effects promoting the removal of these finest grains from amongst the poorer 

sorted units (Powell, 1998). An increase in wet channel proportion within the site was also seen 

between July and September, increasing by approximately 3% in terms of surface coverage. While 

small, this adjustment may be indicative of a trend towards increasing channel width and braid 
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prevalence that is a common result of sediment wave disturbance (Church, 2006; Mueller & Pitlick, 

2014).  

 

6.3.2.3 Importance of Coarser Bar Units 
 

While the hypothesised bed texture changes were proven by the results, the changes were not spatially 

continuous, and were, at times, more subtle than was initially expected, given the notably extensive 

and rapid aggradation caused by the wave in the Hapuku’s upstream reaches. The controlling 

morphology of the surrounding valley and the minimal mobilisation events over the survey period have 

already been identified as factors controlling the nature of bed texture change. The other factor that 

must be discussed is the pre-disturbed surface structure of the site, imposing boundary conditions upon 

the scale and location of wave material deposition (e.g. Elgueta-Astaburuaga & Hassan, 2019; Wathen 

& Hoey, 1998). The coarsest bars within the system (e.g. large F3 units, F6 and U3) were seen to cause 

accumulation of wave deposits behind and around them, as can be expected for the largest bar units 

with the greatest morphological influence within a site (Reid et al., 2019; Williams et al., 2019). Wave 

accumulation is visible at these bar locations when facies maps are compared with locations of 

concentrated aggradation in the November-May DoD (Figure 42). Over time, wave deposits then were 

seen to dissect these larger bars in locations where concentrated deposition occurred, with more 

mobile finer gravels cutting through the larger grained bars, similar to results noted in previous studies 

(Dietrich et al., 2006).  

 

The role of vegetation in units F6 and U1 was also important, leading to the capturing of additional 

woody debris, enhancing the trapping of wave material (e.g. Short et al., 2015). This trapping further 

promoted deposition of F1 within and behind the boulder bars, revealed by both the facies maps and 

the November-May DoD. These larger boulder bar units combined with the active channel’s position to 

cause deposition and associated aggradation to spread throughout the site, rather than consistent 

downstream migration of the wave deposit as a whole. While these largest bars did play an important 

role in controlling the degree of bed texture change, by the September survey they were becoming 

increasingly buried and dissected. Cui et al. (2003) had previously noted that finer pulse material 

entering a site can have the effect of destroying bar patterns. This process has clearly begun within the 

Hapuku site. Over time, the further migration of the wave into the site will likely entirely bury the 

remaining heterogeneous bar forms.  
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For the downstream reaches of the Hapuku it is likely that the previously sediment-starved, reworked, 

lower elevation units (e.g. F2) will be the first locations to undergo aggradation and infilling by the wave 

deposits. Bar units instead display greater resilience given their larger grain-size, associated vegetation 

and topography, interrupting the migration of wave material and location of initial aggradation. Bar 

unit influence upon the deposition and migration patterns of waves downstream have been previously 

recognised (e.g. Madej, 2001; Wathen & Hoey, 1998), but given the overwhelming upstream 

aggradation caused by the Hapuku wave, their role in maintaining unit heterogeneity over the survey 

time period was somewhat unexpected. This role can also help explain the adjustments to grain-size 

distribution and effective roughness, with the coarser boulder bars having a large influence upon these 

site-averaged values. Overall, the prominence of large boulder-bar units within the site caused spatially 

diverse degrees of bed texture change within the site over the survey period of this thesis, something 

that could inform the consideration of likely bed adjustment location further downstream.  

 

6.4 LIKELY FUTURE BED ADJUSTMENTS  
 

In the immediate future, it is clear that the bed surface texture will continue to homogenise, 

transitioning towards the sheet-like sedimentary signature of the upstream tongue of the wave 

material. The ongoing aggradation within the site will likely continue to cause fining and increased 

sorting of the bed’s surface sediments, leading to a further reduction in surface roughness, as is typical 

for the initial stages of finer wave disturbance of complex gravel-beds (Johnson et al., 2015). Over time, 

the heterogeneous surface facies present prior to large-scale wave aggradation (Nelson et al., 2009) 

will likely become entirely obscured under higher sedimentation conditions (Iseya & Ikeda, 1987). The 

influence of the coarsest bar units within the site is considerable, and it is likely that the current location 

of bed aggradation will continue to be influenced by their presence, at least until the deposited wave 

material surpasses the elevation of the largest boulders.  

 

Prior to the wave’s disturbance the coarse heterogeneous surface layer would have displayed non-

linearity in sediment transport, and variability in the mobility of each unit (Powell, 1998). This suggests 

that over time, as the surface homogenises, surface mobility will increase in the site. This increased 

mobility will likely lead to greater channel width and lateral reworking as the potential for channel 

migration is enhanced by the reducing surface resistance (Constantine, 2006; Wickert et al., 2013). The 

start of this mobility increase has already been revealed by the results of this thesis, suggesting the 

site’s surface is now primed for rapid adjustment. As aggradation continues, and the site’s coarse 
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armour layer is lost to a finer, more homogenous surface, sediment transport will likely be further 

promoted (Elgueta-Astaburuaga & Hassan, 2019), with fines below the wave’s tongue initiating more 

rapid migration by decreasing surface resistance (Sutherland et al., 2002). Following this, it is likely that 

only a moderate mobilising event will be required to act as the tipping point for full wave envelopment 

of the site, as the current remaining patches of heterogeneous armour layer are destroyed, bar surfaces 

are overtopped and the main tongue deposits are mobilised beyond their currently confining valley 

section.  

 

Following the passage of the wave through the study site it is possible that the surface will once again 

coarsen, becoming more complex as reorganisation occurs (Johnson et al., 2015). This could be further 

amplified, as over time, coarser material from the original sediment pulse input makes its way through 

the upstream canyon section and into the site during mobilising flood events. Whether the bed will 

ever return to its pre-disturbed texture or elevation is unclear given the remarkable magnitude of the 

2016 sediment pulse. It is likely that the deposit will leave lasting, preserved legacy sediments within 

the catchment (e.g. Korup et al., 2010), shaping the Hapuku River’s evolutionary trajectory into the 

future.  

 

6.5 IMPLICATIONS OF THE FINDINGS 
 

6.5.1 Implications for the Hapuku River  
 

The purpose of this study was to provide a real-world example of the immediate impacts of wave arrival 

on the bed texture of a gravel-bed river system. While the results are not directly intended for the 

management of the post-quake Hapuku River, they offer some useful information that could be used 

in tangent with the regional LiDAR datasets. Often bed elevation change is the only factor considered 

for tracking and managing sediment pulse hazards, however, the assemblage of surface facies in gravel 

rivers can have direct implications on flooding location and likelihood (Calle et al., 2017). The locations 

of fining grain-size and smoothing surface roughness can act as an indicator of a surface that is ‘primed’ 

for rapid elevation change, as these bed texture changes can promote sudden migration of mass wave 

deposits further downstream (Cui et al., 2003; Madej, 2001; Sutherland et al., 2002).  

 

Within the Hapuku River the grain-size and roughness trends shown in this study could firstly provide a 

potential indicator for identifying areas that are about to undergo considerable aggradation. The results 
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of the facies mapping also reveal the importance of the larger bar features for controlling the dispersal 

of wave deposits, trapping and causing amplified aggradation behind and around these units. This is 

something that should be considered further downstream in the Hapuku, as vegetated bars become 

more prolific. Furthermore, both the November-May DoD and the facies mapping revealed the initial 

aggradation and bed texture changes closely followed the river channel position, focusing in the areas 

of lateral migration and channel widening. This suggests that the migration and deposition style of the 

sediment wave downstream will closely follow the path of the channel, and will influence sediment 

routing throughout the system. This could have important implications for both the flooding potential 

and infrastructure stability (Madej, 2001), something that needs to be considered in the Hapuku’s lower 

reaches. 

 

Secondly, many of the Kaikōura region’s rivers currently lack both consistent flow and sediment budget 

data (Berger, 2017), something that is also true for the Hapuku River. The user-friendly nature of the 

sUAS produced SfM method, and especially the PCA edge-detection tool (Purinton & Bookhagen, 

2019a) means there is a rapid way of extracting grain-size data, that can then be used as an input in 

sediment or hydraulic modelling (Morgan & Nelson, 2019; Tamminga et al., 2015). These tools allow 

simplified assessment of bed surface when compared with traditional methods, something that is 

essential in a system that is as dynamic as the Hapuku River. Finally, while not considered in this thesis, 

the results found here, especially the changes to unit assemblage, could be used to inform future 

ecologic research and management in the catchment, if the effects of adjusting, in-stream habitat are 

ever considered. 

 

6.5.2 Implications for the Understanding of Sediment Pulse Effects on Bed Texture 
 

The results of this paper present a called-for, detailed, real-world example of bed surface response to 

sediment wave impact, revealing the complexities of the nature of texture adjustment. This study was 

able to produce sub-centimetre resolution orthomosaics via SfM, and by pairing these models with 

photosieving and roughness tools, representative quantifications of the bed’s surface texture were 

made. These results helped improve the understanding of wave impacts on bed texture in a real-world 

system, acting upon this previously suggested research gap (e.g. Bartley & Rutherfurd, 2005; Pryor et 

al., 2011; Roth et al., 2014). Overall, the results of this thesis supported the findings of previous, similar 

bed texture studies (e.g. Cui et al., 2005; Heritage & Milan, 2009; Lisle et al., 1993, Montgomery et al., 

1999; Nelson et al., 2009), as the finer wave deposits caused a decrease in grain-size, an increase in 
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surface sorting and a decrease in effective roughness. The results seen here are significant, firstly as 

they move beyond the flume setting, while still maintaining high resolutions of change detection, 

thanks to the novel clipped orthomosaic method. Secondly, the unique setting of the dynamically 

changing Hapuku River allowed the effects of a migrating sediment wave upon bed texture to be 

captured over a brief three month period, overcoming the time-scale issues often faced by sediment 

pulse studies.  

 

The results in this thesis also emphasise the need for a multi-faceted view of bed texture analysis in 

order to truly assess the effects of wave migration impact. The facies unit mapping revealed the 

homogenising effects of the wave, supporting previous findings (e.g. Lisle, 1982; Madej, 1999; Zunka et 

al., 2015) and allowing interpretation of the controls behind other bed texture changes. Overall, the 

facies mapping revealed the spatial complexity of sediment deposition, highlighting the importance of 

previous channel structure (e.g. Pitlick, 1993; Surian et al., 2009), notably bar units (e.g. Reid et al., 

2019; Williams et al., 2019).  

 

Often bed elevation, grain-size, roughness and surface unit organisation are separately considered, at 

the detriment of understanding the true extent of pulse impact (Madej, 2001). This study was instead 

able to combine these different factors by implementing new semi-automated grain-size/roughness 

tools, sUAS surveying and SfM outputs, drastically improving upon traditional field techniques. The 

usefulness of these emerging technologies for detailed bed analysis has been previously recognised 

(e.g. Carbonneau et al., 2018; Carrivick & Smith, 2019; Fryirs et al., 2019), but prior to this thesis no 

studies had combined the different technologies in a real-world setting, for the purposes of sediment 

wave impact detection at the bed scale. Overall, this thesis was successful in its aim of understanding 

bed texture changes with wave arrival, proving the usefulness of these technologies, and especially the 

previously untested PCA edge detection tool (Purinton & Bookhagen, 2019a). 

 

6.6 REFLECTIONS & LIMITATIONS  
 

6.6.1 Orthomosaic, DEM & Point cloud Construction 
 

One of the largest limitations to the results of this research originated from inconsistences between the 

four sUAS surveys. Drone, camera and lens type varied between surveys, depending on what was 

available at the time of field work. Final photo resolution differences and image quality were relatively 



101 
 

consistent, and resolution was able to be specified for grain-detection, however an unknown degree of 

error in the comparison of orthomosaic, point cloud and DEM surfaces would still have been present 

(e.g. Cook, 2017). The survey’s extent also was inconsistent between the four months, and holes were 

seen in some of the SfM outputs due to poor battery performance, preventing full coverage of the site. 

These extent differences made clipping necessary for comparison purposes, preventing the complete 

valley width from being assessed. Height effects of the slopping channel would also have caused 

secondary resolution differences across surveys (James & Robson, 2014; Woodget et al., 2018), as sUAS 

base flight height upon their initial take off point. Visually these resolution changes were undetectable 

between the up and downstream ends of the site, but may have still played a minor role in the success 

of roughness and grain-size tools. Only high-quality images were selected for the SfM construction 

process, this caused some areas of lower overlap, and therefore minor warping at the furthest edges 

of the surveys. Warping also introduced secondary restrictions on the areas appropriate for grain-size 

sampling.  

 

GCPs and secondary georeferencing errors are also an important consideration when comparing sUAS-

based 2D and 3D constructions (Hemmelder et al., 2018). RMSE errors were all sub-meter, and likely 

had marginal effect upon facies mapping and unit proportion estimation, however may have caused 

minor positioning errors for repeat grain-size sampling. The largest errors originating from the GCPs 

were seen at the furthest edges of the site, which is common in SfM construction (Turner et al., 2012). 

Fortunately, the method followed in this research allowed problematic areas to be avoided for 

sampling, and PCA permitted manual adjustment of input image resolution so the broader-scale 

differences between the surveys were mostly overcome for the purposes of grain-size estimation. 

 

In an ideal scenario, the elevation and slope changes over time would also have been extracted from 

the SfM outputs. Unfortunately, the variations in survey extent and hole positon meant that the z-axis 

was never satisfactorily aligned. This prevented the exact volumetric adjustment of units from being 

considered, something that was beyond the scope of this research, but would have added an interesting 

third-dimension to the effects of the sediment pulse arrival upon unit assemblage. Approximations of 

elevation change and location were made using the DoD of the November and May LiDAR-based DEMs, 

however, this DoD covered a slightly longer time period than the surveying of this thesis. This meant 

that while few rainfall events (and therefore likely wave passage) occurred post the September survey, 

the DoD could only provide general conclusions on the location of concentrated aggradation or erosion.  
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6.6.2 Grain-size & Roughness Estimation 
 

The traditional grain-size sampling was flawed, with the well-defined bias and grain count limitations 

of Wolman sampling (Bunte & Abt, 2001) causing an unknown degree of error in the ground-truth 

validation dataset. Furthermore, consistent underestimation of grain-size at various percentiles was 

likely, given the use of a square grid to measure passing fraction of mostly spherical grains (Stähly et 

al., 2017). These errors were then carried over for the comparison of the PCA results. Ideally the tool 

would have been compared against metrically measured individual grains, however this was impractical 

given the size and surface variation of the site.   

 

The PCA tool performed well, but not without error. The exact quantifications of the tool’s performance 

were beyond the scope of this research, with only simple statistical comparisons made between the 

Wolman ‘validation’ and PCA grain-size distribution results. The authors (Purinton & Bookhagen, 2019a) 

suggest that any skewing or poor grain recognition is generally a product of the input image’s 

resolution, suggesting that higher error is likely in the lower-resolution April and August orthomosaics. 

The authors also suggested that error increases with percentile size, but only by up to approximately 

2% overestimation of true size. For this reason D84 estimates were likely less accurate than the D50 

values for each survey, but only marginally. Any adjustments in the grain-size below the tools cut-off 

were also not examined here, which was deemed acceptable given the coarse nature of the site. 

However, for studies utilising the PCA tool in finer systems this cut-off issue would results in a greater 

degree of grain masking, and therefore a less complete representation of the true surface composition. 

 

The site-wide roughness estimations were also highly simplified and somewhat limited. The 

CloudCompare roughness tool gives no direct estimations of error and there were no secondary means 

of validation with ground-truth data, unlike the grain-size results. The success of the CloudCompare 

tool was based upon previous studies that have performed more thorough testing (e.g. De Waele et al., 

2018; Vázquez-Tarrío et al., 2017; Woodget et al., 2017). Overall, via incorrect point masking and kernel 

size adjustment, differences between the survey’s point cloud qualities were mainly overcome, 

meaning that even if roughness values were not truly accurate, the trends they revealed likely were. 
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6.6.3 Facies Unit Recognition & Changes 
 

The facies unit mapping and adjustment analysis undertaken in this study was primarily based upon 

areal proportional adjustment. While this technique reveals major unit changes and provides one 

method for the quantification of disturbance effects upon bed surface characteristics (Calle et al., 

2017), it is also limited to lateral extent (Colombera et al., 2013). If there had been greater success in 

aligning the major point clouds along the z-axis, then perhaps localised elevation adjustments could 

have been compared to unit location, giving approximate depth adjustments. The process-form 

relationships discussed in the results are also interpretative, based upon the work of previous gravel-

system studies (e.g. Brierley, 1989; Buffington & Montgomery, 1999; Miall, 1996), requiring further 

testing under better defined flow conditions to be fully verified.  

 

Interpretations of the timing of unit proportional changes were also flawed. Unfortunately, discharge 

data for the Hapuku River is not regularly collected. Rainfall data from a nearby station offered a general 

indication of the timing of mobilising flow events. The nearby Kowhai River’s discharge has been seen 

to generally follow rainfall trends in the past (Berger, 2017), likely due to steep catchments and prolific 

bedrock resulting in rapid overland flow. However, rainfall’s relationship to discharge is complicated, 

and does not always necessarily correlate (Ivancic & Shaw, 2015; Osborne et al., 2015). It should 

therefore be emphasised that rainfall was simply used as a means of speculation of the likely timing 

and causes behind bed adjustment.  

 

Overall, the limitations of this study have resulted in a somewhat unknown degree of error for the 

quantification of bed texture changes. However, given the measures undertaken to overcome these 

limitations these errors are likely marginal. The exact quantifications of grain-size, roughness and facies 

assemblage change may not have been accurate, but provided arguably more reliable values than what 

could be achieved via traditional field methods. Furthermore, the focus of this work was more upon 

the trends in bed surface changes, as precise modelling was not an outcome goal. For studies seeking 

to obtain definitively accurate surface texture values further testing of the tools would be advisable.  
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6.7 FUTURE AREAS OF STUDY 
 

6.7.1 Further Bed Surface Consideration in the Hapuku River  
 

The results of this thesis have provided some insight on the bed surface changes caused by the currently 

migrating Hapuku River sediment wave. These results are restricted to a short time scale, in a small 

mid-reach section of the river. For true flood risk and ecosystem management considerations more in-

depth data collection is required throughout the system, especially considering the notable lack of past 

flow or sediment monitoring in the catchment (Environment Canterbury, 2000). If accurate 

sedimentary or hydraulic modelling using grain-size and roughness inputs is to be achieved, more wide-

spread collection of data (ideally via tool-assisted methods) is required. While aggradation is currently 

being monitored and controlled with gravel extraction in the lower reaches (NCTIR, 2017), the upstream 

reorganisation and aggradation of the river bed also has important implications for the migration of the 

wave. For this reason a catchment-wide context needs to be established for management of the 

Hapuku system, allowing better predictions of likely downstream adjustments and risks to 

infrastructure. Furthermore, the upstream bed changes are likely influencing ecosystem and habitat 

diversity. Aquatic life is relatively limited in the river, but a native Dotterel species nests in the dry river 

bed, while other threatened species including the Bluff Weta and Black Gecko live in the bed rock 

surrounding the channel (Cresswell & Veitch, 1994). As aggradation continues, it would also be 

advisable for an ecological perspective to be added to the current, infrastructure-focused management 

efforts.  

 

6.7.2 Sediment Pulse Research 
 

The main focus of this thesis was to further current understanding of pulse impact upon bed surface 

texture and organisation, a topic that currently lacks in-depth, real-world examples, as discussed in 

Section 2.3. Past flume-based studies have yielded useful results that can be used to give predictions 

on the likely changes that bed surfaces may undergo in pulse-disturbed systems. However, given the 

complex, stochastic and catchment-specific nature of sediment pulses it is necessary to further 

investigate their impacts in the field. This thesis was based on a small section of a unique river that 

luckily poses little threat to human life, and has few bed-inhabiting fauna. In a different pulse-disturbed 

system this may not be the case, so further field studies are required to understand the adjustments of 

bed surface texture, known to be important for hydraulic modelling and habitat considerations (Madej 
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& Ozaki, 1996; Morgan & Nelson, 2019; Pryor et al., 2011). Furthermore, greater attention to the 

facies/patch scale is required as major changes to the channel bed can occur, with little effect on 

averaged grain-size distribution or roughness values (Madej, 2001). Overall, there is a need for real-

world studies of bed surface change, capturing more than just median grain-size adjustment.  

 

Multiple factors have complicated sediment pulse studies at the bed-texture scale in the past. 

Researchers often face disturbances that are sudden, adjusting too rapidly for consistent monitoring, 

or far too slowly to capture significant adjustment. For this reason, the current knowledge and 

understanding of pulse impact would benefit from more studies across both spatial and temporal 

scales. Catchment-wide investigation of bed-surface change would allow better prediction of the 

downstream effects of pulse migration in other similar systems. By completing studies across longer 

time periods (e.g. Brummer & Montgomery, 2006) predictions of likely bed evolutionary behaviour 

could also be improved. Alternatively, short term studies of pulses that have the potential to rapidly 

migrate and adjust, as is seen in New Zealand’s steep dynamic river systems (Korup, 2004), offer 

opportunities to track the same changes over shorter time scales. The developments in sUAS based SfM 

outlined in this thesis now allow change detection at the event-scale (Carrivick & Smith, 2019; Piégay 

et al., 2020), and future studies should continue to push these emerging technologies’ capabilities. 

 

6.7.3 Application of New Tools in Pulse Research 
 

Another major restriction on real-world pulse studies has previously been the time-consuming, 

expensive and often inaccurate traditional methods for assessing bed surfaces. As emerging 

technologies in sUAS, SfM and bed texture analysis become more widely used (Carrivick & Smith, 2019; 

Fryirs et al., 2019; Piégay et al., 2020) this restriction may be overcome. However, for a true transition 

to semi-automated or automated surface texture analysis to occur, more complete testing of available 

tools is necessary. This thesis has indicated the potential of the latest edge-detection tool, PCA, but 

ideally a complete comparison of different photosieving tools and their performance across a range of 

scenarios is required (Zettler-Mann & Fonstad, 2020). This becomes even more important as bed 

texture estimation techniques continue to be developed, such as Buscombe's (2019) machine-learning 

tool, or Chardon et al's (2019) LiDAR data-based method. Similar testing and comparison of roughness 

tools and methods should also be undertaken, following on from the research of Pearson et al. (2017) 

and others. If the best scenarios for the application of these tools/techniques can be established, then 

perhaps true automation of bed surface texture analysis is possible. Into the future, there is a need for 
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a summary of all freely available tools so that researchers and managers alike can make informed 

decisions on the best technique for their site.  

 

Studies should also continue to push new technologies for the specific purpose of facies unit mapping 

and change-detection. The latest developments in sUAS, with precise in-built RTKs offer new 

opportunities for accurate georeferencing, while camera/lens improvements offer increasing image 

resolution (Azim et al., 2019; Carrivick & Smith, 2019). When combined with SfM and surface-texture 

analysis tools it is possible to not only improve manual 2D mapping, but also incorporate the third 

dimension, allowing unit recognition and even small-scale volumetric estimations of gravel-bed surface 

adjustment (e.g. Rusnák et al., 2019). Similarly to grain-size and roughness estimation, the recognition 

and change detection of heterogeneous bed forms is now close to being automated at relatively high 

levels of accuracy (Carrivick & Smith, 2019). This automation would simplify research into the effects of 

sediment pulses/waves at the bed surface scale, but also therefore requires further testing. Ultimately, 

future studies will need to consider where it is appropriate to rely on semi-automated/automated tools 

for the assessment of pulse disturbance, and where expert manual approaches are still required (Fryirs 

et al., 2019). 

 

Overall, advancements in the emerging technologies outlined in this thesis offer the greatest 

opportunities for furthering current understanding of sediment pulse impact upon bed surface texture 

and structure, but require more in-depth testing to assess their true applicability to various field 

settings. It is up to researchers to continue to push these tools to their limits, utilising them to their full 

capability to extract surface texture information that can then be used for modelling, risk assessment 

and habitat rehabilitation purposes.  
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Chapter 7: Conclusion 

The work described here leveraged an unusual opportunity to characterise the initial, sometimes subtle 

changes in bed texture during an aggradation phase in a coarse-textured gravel-bed river. Following 

the 2016, 7.8 Mw Kaikōura earthquake, a major landslide delivered roughly 13M m3 of sedimentary 

material directly to the river bed, causing aggradation of up to 40m in the upstream reaches of the 

system, exceptional at global standards. This study was formulated in the wake of this event, and set 

up surveying work in time to capture the advancement of the downstream end of the migrating 

sediment wave, below a steep, confined canyon section.  

In collaboration with another major study looking at topographic change, this work leveraged a suite of 

emerging technologies to capture bed texture changes associated with aggradation. In particular, this 

thesis was designed to capture the bed texture changes associated with wave passage and resulting 

aggradation. sUAS imagery, SfM modelling and semi-automated texture assessment tools were used to 

capture and quantify changes to grain-size distribution, effective roughness and facies unit assemblage 

over time. In summary: 

 

• The edge-detection tool PebbleCountsAuto (Purinton & Bookhagen, 2019a) was used to 

extract the grain-size distribution from high-resolution orthomosaics of the bed’s surface. 

Between July and September of 2019 the bed surface grain-size distribution in the site 

showed a significant change at the 95% confidence level. D50 and D84 percentiles decreased 

by 6.7% and 10.1% respectively as the amount of wave material increased within the site. 

The standard deviation of the mixture lowered by 17%, indicating an increase in sorting as 

the wave promoted homogenisation of the bed surface, generally weighted towards the 

medium gravel range. 

• From the photogrammetric dense point clouds created from the bed surface it was revealed 

that effective roughness decreased by 38% between July and September, linked to the burial 

and infilling of previously variable bed topography.  

• The mapping of surface facies assemblage revealed homogenisation of units overtime, with 

the areal proportion of wave-associated aggradational units increasing by 17% between July 

and September.  

• The previous bed surface organisation played a significant role in modulating the nature of 

bed texture change, with large gravel/boulder bars trapping wave deposits and interrupting 

the migration of the wave as a single deposit.  
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• The bed surface changes determined in this thesis could all be related to aggradation of the 

river bed caused by the sediment wave’s arrival. Furthermore, when linked to the 

catchment’s rainfall it is clear that major changes (or lack thereof) were associated with the 

timing of mobilising events.  

 

In conclusion, this study highlighted the application of emerging technologies in the realms of sUAS, 

SfM, photosieving and roughness-detection for the purpose of assessing sediment wave impact at the 

bed-surface scale. As most field researchers may appreciate, it is difficult to assess subtle changes to 

facies assemblages (much less grain-size statistics) from ground-based field techniques, over any 

appreciable area. Airborne imagery is often too coarse to obtain much information so sUAS surveys 

now fulfil an important intermediate scale, where many thousands of individual grains can be 

geolocated and sized with mm precision. This provides an exceptional opportunity to characterise 

sedimentary changes with a strong statistical basis. In an era of semi-automated geomorphic enquiry 

(Carrivick & Smith, 2019; Fryirs et al., 2019; Piégay et al., 2020) it is these emerging technologies that 

will allow the future detailed assessment of the real-world impacts of wave migration upon bed texture, 

moving research beyond the confines of the flume setting. This has important implications for 

improving numerical model inputs and ultimately the prediction and management of wave behaviour, 

habitat adjustment and flood risk. Hopefully the emerging technologies discussed in this thesis will 

become more widely used and tested, helping to improve the current understanding of sediment pulse 

impacts in preparation for future hazard-inducing events.  
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Video Link 

 
A profile was completed on my postgraduate research by the University of Auckland, and while it does 
not cover the specifics of this thesis, it provides some nice imagery of the disturbed Hapuku system.   
 
https://www.youtube.com/watch?v=utyyEW6fkNE 
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