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Abstract 

Sediment movement from the headwater region (source) to the catchment outlet (sink) 

constantly transforms the river geomorphology and produces various geomorphic 

features. The geomorphic diversity in the river supports hydro-morphic sediment 

conditions that formulate suitable physical habitat for the riverine ecosystem. Water, 

sediment, and organic matter must flow uninterrupted for a healthy ecosystem. 

However, humans have raised civil engineering structures on many rivers. River 

fragmentation (dam/weirs) in the European river has crossed the 630,000 marks, and 

the projected number is 1 million. Fragmentation restricts the free movement of 

discharge, sediment, organic matter, and riverine species. The impacts of dams on 

river geomorphology, discharge and sediments are well documented. At the same 

time, the declining riverine species trend is a significant cause of concern.  

Recent studies revealed a 95% decline since 1970 (in the living planet index). Though, 

dam removal is gaining momentum to reverse the negative impacts on the riverine 

ecosystem. Dam removal studies have shown positive outcomes on river 

geomorphology and ecology. However, it would not be admissible to remove all the 

obstacles present on the river course; for example, there is a considerable cost 

involved and the economic benefits offered during the lifespan of a dam. Political will 

is another obstacle in river restoration projects beyond the cost and benefits analysis 

of the dams and weirs. 

The previous dam removal studies addressed site-specific geomorphological and 

ecological recovery, though case studies often lack long term monitoring. Thus, a few 

cases reported no significant differences in the river. Still, the presence of a dam or 

weirs footprint impacts the upstream and downstream river course, which turns a 

river's lotic environment into a lentic. In addition, the existence of multiple dams or 

weirs further deteriorates the river's condition by restricting water and matter 

movement. Thus, dam or weir removal impact assessment must be studied for the 

catchment and river network scale.  

The current study is applied to the Eamont river catchment (396.2 km2), located in the 

lake district region, which receives maximum rainfall in the U.K. region. Hard rocks 

dictate the regional geology, and rivers are confined. Thus, no significant changes in 

river form have occurred in the Eamont catchment rivers. However, rivers of the 
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Eamont catchment have high stream power and sediment continuity. 2 major and 20 

small weirs interrupt the natural sediment transport. Additionally, enormous Ullswater 

and other lakes provide local sinks in the catchment. The catchment area and the 

number of obstacles present in the Eamont river catchment offers a suitable catchment 

setting to address the European river fragmentation case.  

Two models and other tools are employed to quantify the impacts of multiple obstacles 

(dam and wires) on a river network. In hierarchical processes and quantification bases, 

the tools can be briefly summarised; First, a semi-distributed hydrological model 

SWAT that has quantified the distributed discharge for 166 reaches, at daily frequency, 

over 55 years (1960 – 2015). Second, SWAT model calibration and validation in 

SWAT-CUP, using the SUFI algorithm. Third, the DJI-4 drone's images were captured 

for gravel bars at low altitudes for higher ground resolution. Forth, the Metashape 

application processed orthophotos of gravel bars, which are further processed in 

BASEGRAIN, to perform optical-granulometry and develop grain size distribution at 

the river network scale. Fifth, integration of hydrologic and grain size distribution 

information in the CASCADE framework for sediment connectivity, dam and weir 

removal impact analysis on sediment flux, at the network scale.  

The CASCADE framework provided sediment entrainment, transport, and deposition 

pattern on the Eamont network. The study's key findings have highlighted that the 

Lowther River contributes more sediment than the Eamont river, despite the high 

entrainment in the headwater regions. The entrained sediment gets deposited in the 

Brothers water and Ullswater lake on the Eamont river course. Whilst the Lowther 

river's significant deposition takes place in Haweswater reservoir. The main reason 

why Lowther River provide high sediment flux is that it has a high gradient and 

transport power than Eamont.  

Moreover, based on the geomorphological difference between the Eamont river and 

its tributary Lowther, the presence of multiple weirs with approximately similar 

sediment trap efficiency, the CASCADE simulation showed higher sediment flux would 

be released when weir removal activity performed on the Lowther River. 

The current study had presented an opportunity to analyse the multiple river obstacle 

(dam/ weirs) impacts on sediment flux and sediment connectivity at a network scale. 

Such an experiment can be applied to formulate the dam removal planning for a 
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complex river catchment. However, future integration of the CASCADE framework with 

ecological modelling would improve analysis for riverine ecosystem benefits. 
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Chapter 1: Introduction. 
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Chapter 1: Introduction  
 

1.1 Rationale  

Small dams or weir structures are omnipresent on the European rivers, thus 

turning the European rivers among the most fragmented river systems. A small 

weir and dams’ collective impacts on river morphology and ecology are 

underreported because of site-specific impact evaluation studies (Walker, 

2001; Sindelar et al., 2017; Wang et al., 2018; Patriadi, 2021). Thus, at the river 

network scale, multiple weirs impact assessment is required to support the 

evaluation of the geomorphological, physical habitat, and ecological state of a 

highly fragmented river system (Stanley and Doyle, 2003).  

 

 Figure 1.1 shows the physiographic setup of the Eamont river catchment and 
multiple weirs and dams showing river fragmentation. 

 

Such studies can provide insight for scenario development based on the 

adversity brought to the river system by multiple weir or dam structures (Schmitt 

et al., 2018a; Van Looy et al., 2014). It is crucial since the ecological state of 

river systems are degrading (Dias et al., 2017; Grizzetti et al., 2017; Helfman, 

2007, pp. 130–157), and dam or weir removal activities provided evidence 

regarding the recreation of physical habitat; resulting in species diversity 

(Fjeldstad et al., 2012). However, the unavailability of small dam characteristics 
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and structural information often hinders their impact evaluation (Habets et al., 

2018). Despite that, studies have reported impacts of small dams on sediment 

(Galia et al., 2021; Tonitto and Riha, 2016; Yang et al., 2011), river channels 

(Tullos et al., 2014), biodiversity (Tang et al., 2021). Small weirs and their 

removal to reconnect the river course and physical habitat is still limited in the 

European and UK catchment (Foster et al., 2021).   

1.2 Global and European river fragmentation 

Nearly 80% of the world's population resides in regions affected by threats to 

water security or biodiversity (Vorosmarty et al., 2010). The biodiversity threat 

in recent times has shown exponential growth. Across the world, biodiversity is 

declining, and observed trends are distressing. Human anthropogenic actions 

and unsustainable approaches to exploit natural resources contribute to the 

declining trends of biodiversity. It is not an exaggerated view that water is one 

of the most exploited natural resources (Ruz, 2011). Water exploitation has 

been recorded in human history, with dams constructed as early as  5000 years 

ago, and construction is ongoing (Biswas and Tortajada, 2001; Ansar et al., 

2014). Dam planning and removal activity are important because freshwater 

biodiversity has shown the highest declining rate in a global scale study (WWF., 

2016).  

A revised assessment of biodiversity, measured as 'living planet index', has 

declined from 81% to 84% in 2016 and 2020, respectively,  Figure 1.2, 

(Almond et al., 2020). The living planet index declining rate shows a 0.60 per 

cent average biodiversity decline in the freshwater living planet index per year. 

At this rate, within the next 27 years, the freshwater ecosystem will be in a 

severe state. The declining rate is a grave concern because physical and 

ecological disturbances impact human lives (Alcamo, 2003; Duffy, 2009; 

Cardinale et al., 2012; Hough, 2014; UNEP, 2017). 
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 Figure 1.2 The Freshwater Living Planet Index: 1970 to 2016 (source: - 
 http://stats.livingplanetindex.org/). 

 

River fragmentation is equally responsible for the declining biodiversity trend in 

freshwater ecosystems (Schiermeier, 2018; McKie, 2019). Freshwater is a 

renewable resource; however, given its limited availability, it should be dealt 

with judicious and sustainable manner.  A global-scale study revealed that 37% 

of rivers longer than 1000 Km remained free-flowing over their entire length, 

and out of which, only 23% remained uninterrupted before merging with the sea 

(Grill et al., 2019). Free-flowing rivers obstructed and diverted to meet specific 

human demands such as agricultural, industrial, power generation or inter-

basin transfers to satisfy the water demand in water-scarce regions. Free-

flowing River water flows are stored or diverted through raising dam structures 

and other water resource engineering structures.  

The global number of large and small dams is high but not recorded in a single 

database (Zarfl et al., 2015). The objective of developing such a kind of dam 

database is to facilitate hydrological and environmental effects-related studies. 

Therefore, barrier impact studies persisted on regional or catchment specific. 

Some studies were also performed beyond cross country catchment boundary 

and even at continental scale (Yang and Musiake, 2003; Norman et al., 2012; 

Abbaspour et al., 2015). One reason for the limited assessment of dam and 

barrier's impact at global scales is the lack of spatial data availability (Sood and 
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Smakhtin, 2015). However, a global assessment of the impacts of barriers on 

freshwater ecosystems is urgently needed (Rosenberg et al., 2000; Richter et 

al., 2010; Vorosmarty et al., 2010). 

Precise geographical mapping of dams on a continental and global scale has 

been largely insufficient (Lehner et al., 2011). Progressively, there are efforts 

to expand the dam database, and a few comprehensive databases now exist, 

such as GranD and ICOLD. The GranD (Global  Reservoir and Dam Database, 

version 1.3) and ICOLD (International Commission on Large Dams) consist of 

7,320 and  58,000 large dam records, respectively (Lehner et al., 2011; 

Mulligan et al., 2020). In a recent attempt, a comprehensive dam database 

named GOODD (GlObal geOreferenced Database of Dams) has also included 

medium-sized dams and represents 38,000 dam records. This development of 

dam databases has improved dam information and can be helpful for global 

environmental impact assessment (Mulligan et al., 2020).   

However, the mentioned dam databases do not consider dams with a height < 

15 meters. Therefore, there remains a need for a reliable database of dams of 

all dimensions. Nevertheless, much of the dam information comes from multiple 

sources, projected globally in a single portal like Global Dam Watch (Beames, 

2021). 

Small dams and small water management structures such as weirs outnumber 

the big dams' numbers (Couto and Olden, 2018; Zarfl and Lehner, 2020), and 

at least 85 per cent of barriers on European rivers are smaller structures 

(Lovgren, 2020). Recently, there has been growing interest in river barrier 

mapping on European rivers, as seen in the AMBER atlas (Figure 1.3). It has 

been estimated that 1.2 million obstacles fragment European rivers, and most 

of them are small dams and weirs (Belletti et al., 2020). This level of river water 

exploitation and abuse has resulted in the degradation of freshwater habitat 

and continuous biodiversity decline. Thus, an aggregated extent of small dams 

must not be underrated (McCully, 1996).  

A healthy ecosystem provides numerous benefits to humankind, and any 

regional and global biodiversity transformation would cause irreparable 

damage to the global ecosystem (Dudgeon et al., 2006; Albert et al., 2020). The 
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existing and future large dams will adversely impact river connectivity and 

freshwater fish populations (Barbarossa et al., 2020). Thus, river management 

should prioritise freshwater management to prevent further deterioration (Zarfl 

et al., 2019; European Environment Agency, 2021).  

 

 Figure 1.3 AMBER atlas showing 630,000 barriers across Europe (source - 
 https://amber.international/). 
 

The extreme fragmentation of European rivers and their adverse impact on river 

geomorphology and ecology have yet to be analysed (de Leaniz, 2020). The 

fragmentation of rivers that brings multiple stressors (flow reduction, biological 

oxygen demand, fine sediments entry, temperature variation) and multiple 

stressors turned the European river ecosystem into one of the vulnerable parts 

of the world (European Environment Agency, 2011; Freyhof and Brooks, 2011; 

Markovic et al., 2017; European Environment Agency., 2018; Birk et al., 2020). 

The recent development for mapping river obstruction on European rivers turns 

them into the most fragmented river systems on the planet (AMBER 

Consortium, 2020; Schwarz, 2021), and freshwater habitat in the EU classified 

as 46% and 38% for endangered and vulnerable categories, respectively 

(Janssen et al., 2016). Therefore, it is imperative to find a solution to reduce 
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river fragmentation and reconnect the river system considering sediment 

dynamics and spatial-temporal dimension (Hauer et al., 2018). In addition, 

Europe's Biodiversity strategy for 2030 has proposed to free up to 25000Km of 

river length till 2030 in fragmented rivers of European nations (de Leaniz, 2020). 

Accordingly, it becomes crucial to develop scientific aptitude in conjunction with 

modelling tools; to defragment the rivers by adopting weir and dam removal 

based on scientific justification (Hermoso et al., 2021). 

Climate change and consequent hydro-climatic conditions also accelerate 

adverse implications on the freshwater system (Heino et al., 2009). A global-

scale study has revealed human influence on global freshwater fluctuation, and 

surface water storage trends are worrying (Cooley et al., 2021).   

 Adverse impacts of river fragmentation  

The geomorphology of river systems reflects the balance between sediment 

supply and transport capacity distribution in the river network (Montgomery et 

al., 1996; Montgomery and Buffington, 1997). The balance between the two 

generates suitable habitats according to process domain concepts based on 

spatial and temporal variation of geomorphic processes (Montgomery, 1999). 

Distinctive river morphologies in the river network provide valuable information 

regarding sediment source, erosion of bank and riverbed, flow resistance, flow 

characteristics (velocity, shear stress), and become valuable for river 

engineering, habitat and river restoration applications (Brierley and Fryirs, 

2005).  

Functional geomorphological changes deviate when climate and human activity 

disrupts the normal sediment transport process along the river continuum (Allan 

and Castillo, 2007). Low order rivers tributaries are sources that provide 

sediment, discharge and unique habitat in a river catchment (Meyer and 

Wallace, 2001). Alteration of low order reaches can produce biophysical 

changes apart from sediment, nutrient, and discharge fluctuation. The 

ecological consequences of low reach alteration could induce genetic variation 

due to an isolated patch of the reaches.  

The movement of species for upstream spawning area availability is subjected 

to the provisions implemented on the alteration structures (fish passage), which 
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may cause reduction of native population and invasion of alien species to the 

region (Pringle, 1997; Kerr et al., 2021). Therefore, headwater to downstream 

connectivity becomes crucial for river restoration and river ecosystem 

management.  

In a free-flowing river system, mid-reaches are associated with a gentler 

gradient than headwater and supports more diversity in geomorphic conditions; 

a broad river section with warm water and groundwater supply provides highly 

diverse biodiversity (invertebrates and fish species). In lower reaches, the slope 

is gentler than mid-reach, and wide channels with deep water flow through the 

vast floodplain, fine sediment substrate. Lower reaches support fish species 

adapted to flooding. However, alteration to the rivers by dams leads to 

sediment-starved river flow (hungry water). Thus discharge, which is sediment 

deficit erodes the riverbed and bank, aggravates the riverbed downcutting and 

river bedrock exposure. Therefore, the eroded part of the river gets deficit in 

limited or no gravel availability, while gravel provides suitable spawning habitat 

for the fish community (Kondolf, 1997). 

The excessive erosion leads to armoured riverbeds that have exposed bedrock 

at the bottom of the river. Such river condition restricts the vertical connectivity, 

where hyporheic zone does not exist; therefore, benthic (river- bottom) 

invertebrates such as molluscs, crustaceans, and insects will no longer be part 

of the ecosystem or food chain. The benthic fauna becomes food for fish 

species. Contrary to such conditions, sand or silt aggradation smooths the river 

bottom by clogging interstitial space between gravel riverbeds (McCully, 1996; 

Jones et al., 2012; Buendia et al., 2013; Itsukushima, 2021). Thus, excessive 

riverbed degradation and aggradation lead to the destruction of the aquatic 

habitat (Lisle, 1989).  

Thus, headwater and downstream connectivity must be viewed and managed 

from the perspective of sediment dynamics problem to restore near-real pristine 

geomorphic condition in conjunction with an ecologist viewpoint, preferably 

because deviation in river connectivity hampers adaptability of the aquatic biota 

to the adverse river environment (Pringle et al., 2000).  



Chapter 1: Introduction. 

8 
 

The following section discusses river connectivity, hydrological connectivity and 

modelling tools to establish spatial-temporal variation for the catchment 

hydrology. The section also highlights the physical habitat and small dam or 

weir impacts. Lastly, sediment management approach addresses sediment 

dynamics at the river network scale by utilising tools that provide insights 

regarding strategies and prioritising dam removal as an option for sediment 

management. Sediment routing model deals with multiple dam situations and 

their ability to trap sediment (sediment trap efficiency), and it explains how 

multiple dams and weirs impact sediment flux under various discharge 

scenarios? 

1.3  River connectivity 

A river's ability to redistribute sediment, organic matter, water, and organisms 

depends on connected pathways and the inherent nature of free-flowing rivers. 

A river's connected pathways exhibit four different connectivity dimensions;  

longitudinally, laterally, vertical, and temporal (Ward and Stanford, 1993, 

1995a; Grill et al., 2019). First, the flux (water, sediment, solute, organic matter) 

in the longitudinal direction leading from headwater zone to mouth defines the 

river's longitudinal connectivity (Wohl et al., 2017). The longitudinal connectivity 

often gets disrupted by a dam or barrier structure, and it impacts discharge, 

sediment, nutrient, and organisms in the upstream to downstream direction of 

the river channel.  

Second, lateral connectivity is between the river channel and its floodplain, 

which can be temporary or permanent, and lateral connectivity varies on flow 

regime in parts of the river reach. Lateral connectivity provides space for peak 

discharge conditions to maintain the water level downstream by flooding the 

river floodplain. The lateral connectivity flourishes healthy floodplain habitat by 

exchanging sediment, nutrients and organism movement (Bolland et al., 2012). 

Thus, lateral connectivity plays a vital role in floodplain and wetland habitat 

sustenance Figure 1.4, (Ickes et al., 2005; Burgess et al., 2013; Cienciala et 

al., 2020). The dis-connectivity between the active river and floodplain results 

in the loss of marginal transitional habitat, which serves as a refuge to juvenile 

fishes during peak flow conditions. Hence, in river restoration plans, emphasis 
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must be given to re-establishing lateral connectivity that gets influenced due to 

flow regulation (Ward and Stanford, 1995b).  

Third, vertical connectivity signifies the connection between hyporheic water 

and river water. The hyporheic zone with suitable sediment becomes an 

essential habitat for invertebrates, providing food for other aquatic fauna. The 

symbiotic relation between hyporheic riverbed and fauna gets disturbed under 

varying conditions such as extraction of sediments from the riverbed, 

hydrological regime change, quality of river and groundwater degradation and 

temperature variations. Vertical connectivity faces local interference because a 

dam and other water resource structures form reservoirs for storage purposes. 

The stored water changes local groundwater level by the fluctuations in river 

water level. However, increased water level improves soil pore water pressure 

and facilitates bank and valley erosion (Fujita, 1977; Zhan et al., 2006). The 

released sediment pulse into the river system is challenging to trace, and the 

volume of released sediment is equally difficult to measure. However, 

aggradation of fine sediment on the riverbed or excessive bed erosion can 

indicate past transport conditions. Thus, maintaining vertical connectivity in a 

river environment supports a healthy riverine ecosystem (Boulton, 2007). 

Fourth, temporal connectivity superimposes time dimension on longitudinal, 

lateral and vertical connectivity (Ward, 1989; Grill et al., 2019). All river 

connectivity pathways are dynamic and subject to alterations in spatial and 

temporal river flow.  
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Figure 1.4 Channel incision had 
transformed the river ecosystem 
from wet meadow and forest 
ecosystem with stable river 
condition to intermittent river 
with xeric floodplain upland 
vegetation (Beechie et al., 
2010). 

 

Why is river connectivity of prime importance? The natural river response to 

pristine vs highly obstructed river system, and river's role in landscape 

modification because a river acts as a conveyer belt and redistributes matter 

from degrading landscape or source to sink areas. The nutrient, sediment, 

water, and organic matter are delivered from distributed catchment parts to the 

sink area. A highly connected river system provides life to the biotic component 

(flora and fauna) movement in a back-and-forth direction that depends on the 

life stages of the organism and their adaptability to the specific geomorphic 

condition of the river system.  

Apart from mentioned reasoning, river connectivity can be helpful in many 

ways. First, the river system's spatial and temporal connectivity can proxy 

sediment flux measurement and landscape degradation. Second, river 

connectivity defines natural or human-induced impacts and the river's 

resistance and resilience to those changes. Human activity impacts a river’s 

morphology and ecosystem (Sabater et al., 2018; Vercruysse and Grabowski, 

2021). In other words, river connectivity is defined or transformed by natural 

and human-induced geomorphological adjustments. The river’s ability to adapt 

with geomorphological adjustments can transform the landscape and fluvial 

forms, ecology and resilience over time (McCluney et al., 2014). River 

connectivity alterations can induce new hydro-sedimentary conditions and 

reduce the river’s resilience property (Calle et al., 2017).  Third, connectivity 
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conceptualises the river's connected processes as a framework to monitor 

processes in a spatial context. Forth, river connectivity facilitates the recognition 

of river network parts and the causative factor that can emerge as an obstacle 

to the natural process. Fifth, the connectivity framework explains the non-linear 

behaviour of the river system or to what extent rivers exhibit disconnectivity at 

the network scale. Finally, connectivity contributes to identifying factors for river 

restoration or management purposes (Wohl, 2017). Since river’s obstructed or 

disconnected reach sections offer the best sites for restoration and 

management works, irrespective of natural or artificial disconnectivity.  

The river connectivity framework is crucial to deal with the complexities of the 

fragmented river system and its restoration (Poeppl et al., 2017). However, the 

primary energy source responsible for the movement of sediment, organisms, 

and nutrients is hydrological drag generated through flowing water. It is a 

prerequisite to address the issues of hydrological connectivity and its influence 

on sediment connectivity and physical habitat.  

 Concept of Hydrological connectivity  

The hydrological connectivity in its purest sense is the transfer of matter, energy 

and organism through flowing water within different components of riverine 

landscape (Hooke, 2003; Freeman et al., 2007; Bracken and Croke, 2007; 

Bracken et al., 2013). The flow response of a river catchment varies on multiple 

characteristics such as the shape of the catchment, land use, geology, soil, and 

rainfall pattern for the region. However, a catchment under the same 

characteristics could vary its hydrological response if the catchment is 

subjected to artificial barriers of different sizes and storage capacity. Stored 

water is channelised for irrigation, hydroelectric or inter-basin transfer. Thus, it 

can heavily fluctuate longitudinal river connectivity because the water volume 

released downstream is not adequate to maintain a natural connection between 

all components of the riverine landscape and in downstream region of the 

catchment. Therefore, dams with significant storage can severely impact the 

hydrological connectivity (Ibàñez et al., 1996). 

Consequently, low discharge in the downstream river creates hydrological 

conditions that prevent lateral connectivity between the river and floodplain. 
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From the ecosystem perspective, river flow and longitudinal connectivity have 

a functional effect on river biota since flow alters oxygen demand of water, 

sediment transport and deposition, which result in habitat modification, and 

such cumulative conditions become hostile for fish like salmonid (Bunn and 

Arthington, 2002; Warren et al., 2015). The flow variability (peak flow) increases 

the risk of dislodgment of the lotic organism (Giller et al., 1998; Statzner et al., 

2003). Peak flow can wash out juvenile fish. However, fish get stranded in 

disconnected river reach at low discharge conditions (longitudinal dis-

connectivity under low discharge). Thus, river hydrological connectivity is 

essential for a healthy and thriving river ecosystem.  

At present, river restoration-related efforts have concentrated on the ecological 

integrity of the river system, and restoration of the natural flow regime is 

becoming a prime objective since the flow regime directly influences inorganic 

and organic matter transported to the physical habitat of the river. Alteration to 

the natural flow regime can threaten the river and wetland ecosystem (Petts, 

2009; Yarnell et al., 2015) by disrupting longitudinal and lateral connectivity. 

Thus, It is imperative to address the flow regime influence on riverine ecology, 

river structure and physical processes.  

The flow regime stages impact river connectivity and habitat, illustrated in 

Figure 1.5, expressed in four basic principles (Bunn and Arthington, 2002). 

Principle 1 explains the interrelationship between a river’s physical nature and 

associated biodiversity under varying hydraulic conditions that influence 

channel form and shape, controlling aquatic organisms' distribution and 

abundance.  Principle 2 explains flow regime events that have influenced 

aquatic organisms' life history, according to the adaptability to suitable habitat 

availability with flow seasonality or flow pattern (in space and time).  Principle 

3 explains the natural flow regime's maintenance, facilitating organism 

movement and accessibility to aquatic habitat in the longitudinal and lateral 

direction (floodplain & wetland access). Principle 4 explains the changes in the 

river's past decade's flow regime due to catchment management and land use 

alteration. 
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Consequently, native biodiversity declines because aquatic biota adapts to the 

catchment's natural flow regime. Abrupt changes in flow regime cause a decline 

in native biodiversity fauna and favour invasive species invasion. Therefore, 

studying and establishing hydrological connectivity for a longer time scale which 

is highlighting spatial and temporal variation in the system and leads to 

insightful information for restoration of the natural regime from a river engineer 

and conservationist perspective (Tharme, 2003; Arthington et al., 2006; 

Beechie et al., 2010). 

 

 Figure 1.5 Different stages of flow regime influence aquatic habitat (Bunn and   
Arthington, 2002). 

 

In managed river catchments, the flow regime varies under different spatial-

temporal conditions. Thus, the longitudinal, lateral, vertical connectivity of rivers 

(base flow contribution when river faces low flow conditions) fluctuates under 

different seasons (temporal connectivity), and thus four river connectivity 

dimensions can be a conceptual tool for the assessment of human impact 

(Tockner et al., 1999; Amoros and Bornette, 2002; Freeman et al., 2007).  

The river connectivity and ecological adaptation are based on river gradient 

available energy. The river continuum concept (RCC) interprets a river system 

as an uninterrupted system, and in principle, RCC provides a framework for the 
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predictable existence of biological features under varying physical-

geomorphological environments (Vannote et al., 1980). However, river 

fragmentation gives rise to the serial discontinuity concept (SDC) in lotic 

systems (Stanford, 1983; Ward and Stanford, 1995a). 

Moreover, serial discontinuity can leave a river system in many lotic and lentic 

sub-systems, resulting from longitudinal (hydrology, sediment transport) and 

biotic disconnection at the reach scale. Hence, longitudinal connectivity in a 

fragmented river system must be understood based on hydrology, sediment 

transport and collective repercussion on fluvial ecology (Jungwirth et al., 2000). 

Therefore, assessing hydrological connectivity in a river catchment for a more 

extended period requires hydrological modelling that provides distributed 

hydrograph for sub-catchments based on mentioned physical, climatic, and 

human influence conditions for overland, river routing estimation. It is crucial to 

assess catchment hydrological behaviour for an extended period because 

selecting a short duration hydrological assessment can result in a completely 

different picture of a river catchment. The river catchment's hydrological 

response changes yearly, and observation made only on drought years or flood 

years can be misleading. Therefore hydrological assessment and hydrological 

connectivity should be assessed for a long duration, together with spatial-

temporal diversification in hydrology provides an evaluation of sediment 

transport, consequently evolution in morphology & physical habitat (Sedell et 

al., 1990; Richter et al., 1998; Covino, 2017; Mellado-Díaz et al., 2019).  

 Establishing hydrological connectivity with modelling  

The hydrological response defines the pace of the geomorphological 

adjustment based on multiple natural factors such as hydroclimatic, land use, 

soil and human interventions. However, the River’s reach processes and their 

connected links at the river network scale should be observed at various space 

and time dimensions to estimate distributed discharge and sediment flux 

(diffused and concentrated) of different intensities (Passalacqua, 2017; Wohl et 

al., 2018). However, hydrological connectivity between landscapes and in-

stream environments is complicated, non-linear, and scale-dependent 

(Lesschen et al., 2009).  
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In addition to the real-world river connectivity gets virtually interrupted in the 

digital environment; for example, a local sink in a DEM can act as a dis-

connectivity for water and sediment movement in a high-resolution modelling 

environment. The digital imperfections of elevation data can be prevented with 

processing algorithms – fill sink. However, a high-resolution environment 

severely limits processing time but offers better spatial diversity in the modelling 

environment, and thus it improves distributed hydrological assessment (Di 

Luzio et al., 2005).  

A rainfall-runoff model can simulate good quality distributed hydrograph at the 

river reach scale; for example, MIKE SHE, MIKE HYDRO Basin, HEC-RAS, 

HEC-HMS, HBV, SWAT, WEPP models (Devi et al., 2015; Yuan et al., 2019; 

Horton et al., 2021). Studies show that basin and catchment scale hydrological 

diversity is well represented by the SWAT model and can model hydrology, 

nutrients, sediment, bacterial pollution, and impact of management practices 

(Dilks et al., 2003; Jayakrishnan et al., 2005; Ullrich and Volk, 2009; Vu et al., 

2012; Baker and Miller, 2013; Thavhana et al., 2018). SWAT model also utilised 

for climate change studies  (Bouraoui et al., 2002; Boorman, 2003; Gassman 

et al., 2007; Ficklin and Barnhart, 2014a), and it is capable of simulating 

hydrology and sediment concentration at daily time-step (Glavan et al., 2011; 

Glavan and Pintar, 2012). In the European water framework directive that 

suggests integrative river catchment management, and has the fundamental 

goal of the better ecological and chemical state of water bodies, in such cases, 

SWAT can address EU water framework objectives (Arnold and Fohrer, 2005; 

Van Griensven et al., 2006; Volk et al., 2009; Grusson et al., 2017b).  

However, physical model like WEPP (Water Erosion Prediction Project) has 

performed slightly well compared to conceptual semi-distributed SWAT model 

(Shen et al., 2009). Nevertheless, the SWAT model can simulate large river 

catchment with higher spatial variability than the WEPP model, designed for 

small watersheds. Though, nutrient pollution modelling at higher temporal 

frequency is not recommended with the SWAT model (Glavan et al., 2011; 

Hollaway et al., 2018). Contrary to that, some studies have stated that the 

SWAT model can perform realistic simulation of nutrients load (Jayakrishnan et 

al., 2005; Radcliffe et al., 2015; Nguyen et al., 2019).  
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A deterministic physically based distributed model, MIKE-SHE, had simulated 

better results than the SWAT model (El‐Nasr et al., 2005). However, MIKE-SHE 

requires input data sporadically, whilst SWAT can simulate hydrology in a data-

poor region. In addition to that SWAT, parameters can be estimated with 

calibration if boundary condition related information is accessible to the 

modeller. A comparative review of a hydrological model such as VIC (variable 

infiltration capacity), MIKE-SHE, HBV (Hydrologiska Byråns 

Vattenbalansavdelning), and TOPMODEL; only SWAT model with little direct 

calibration found to be capable of simulating better hydrological results than 

mentioned models (Borah and Bera, 2004; Devi et al., 2015; Hamman et al., 

2018).  

The groundwater component of the SWAT model is of lumped nature, and 

therefore it is not suitable for hydraulic conductivity, aquifer storativity and 

distributed pumping influence on catchment-scale hydrology (Singh and 

Frevert, 2010). Thus, a catchment unaffected by extreme groundwater 

exploitation, SWAT can still be used for hydrological analysis.  

Despite mentioned advantages and disadvantages, the SWAT model has 

algorithm and sub-models that are capable of simulating land use, soil, 

management practice and climate change variability on hydrology, sediment 

and water quality (Romanowicz et al., 2005; Bärlund et al., 2007; Easton et al., 

2008; Vigiak et al., 2017; Yu et al., 2018; Holder et al., 2019; Jodar-Abellan et 

al., 2019; Bauwe et al., 2019). The model can also simulate sub-daily hydrology 

and sediment erosion pattern for an extended period (Jeong et al., 2011; Jodar-

Abellan et al., 2019). SWAT model’s potential is used to address ecosystem 

services presented in studies conducted across the world (Post et al., 2008; 

Swallow et al., 2009; Cools et al., 2011; Vigerstol and Aukema, 2011; Mwangi 

et al., 2015; Francesconi et al., 2016), and it is recommended as a decision 

making ecological model for evaluation of freshwater resources and planning 

purposes (Ranganathan et al., 2008; Arias et al., 2011; Norman et al., 2012; 

Logsdon and Chaubey, 2013). In conclusion, the SWAT model can address a 

range of hydrologic and environmental problems, which is why it has been 

utilised worldwide (Horton et al., 2021).  



Chapter 1: Introduction. 

17 
 

The distributed hydrograph provides valuable insight into sediment flux moment 

at river network scale since variations in hydrograph are simulated at different 

times and spaces. However, many hydrological models can overwhelm a 

modeller for the suitable tool selection to simulate a specific catchment’s 

physiographic and climatic conditions and their consequence on hydrology. The 

selection of hydrological model can be based on its ability to address the 

catchment specific requirements such as data input, ability to simulate 

secondary data (input parameter), ease of parametrisation, and quantification 

of uncertainty in the model’s result (Beven, 1990; Beven and Binley, 1992; 

Beven, 1993; Bloschl and Sivapalan, 1995; Beven, 2006, 2012).  

Moreover, in the present case, a hydrological simulation was performed to 

achieve distributed hydrograph of varying intensity in the last 55 years (for 166 

reach) to infer the resulting changes in sediment flux at the Eamont river 

network. 

1.4 Physical Habitat 

Before addressing the physical habitat and its importance for the river 

ecosystem, one of the broader questions arises, what is river health, and why 

it is of prime importance? Physical habitat conditions monitored and 

appreciated for riverine ecology, geomorphic and river conservation studies 

(Frissell et al., 1986; Fitzpatrick, 1998; Palmer et al., 2005; Thomson et al., 

2001; Fisher et al., 2012), and state of river habitat direct reflection of river 

health condition, in terms of geomorphic, variation in flow within river reach, 

diversity and abundance of aquatic flora and fauna. Traditionally, river health is 

measured based on river water's physical, chemical, and biological character. 

It is subject to change at short time scales and represents the conditions at the 

river reach scale. However, each sample characterising physical, chemical, and 

biological nature varies with space and time.  

Freshwater biotic measurements for the physical habitat or ecological quality 

have gained acceptance (Norris and Thoms, 1999). The main reason for biotic 

measurements based on aquatic biota adaptation to river's specific physical 

habitat state: flow regime, sediment transport, which defines the availability of 



Chapter 1: Introduction. 

18 
 

suitable physical habitat, water quality, and biological interaction with abiotic 

factors define the overall health of the river system.  

Abiotic factors like fine sediment are the biggest threat to physical habitat quality 

and biological mortality under high turbidity conditions (Jones et al., 2012; 

Buendia et al., 2013). Hence, spatial-temporal change in flow, sediment 

transport, grain size distribution, substrate type and aquatic vegetation provide 

suitable physical habitat or state of the river (Maddock, 1999; Brooks et al., 

2005; McCabe, 2010). 

The continuum concept addresses biological factors' adaptability to river 

geomorphic forms at different scales of physical habitat macro, meso, and 

microhabitats. The physical habitat information measured and recorded at the 

field investigation unit is defined for different scales under physical habitat 

survey guidelines (e.g., the River Habitat Survey framework used in the UK).  

           

 Figure 1.6 Tools for assessing the health of the River (Maddock, 1999). 
 

Physical habitat units are easy to identify from the riverbank and recorded in 

the physical habitat survey questionnaire. Habitat survey information is very 

detailed and subjective and performed at a few meters’ intervals for river habitat 

classification purposes. Because field assessment and verification are limited 

to 100s of meters, completing a physical habitat survey of a river network 

becomes subject to the experience and interpretation of the surveyor. Physical 

habitat survey is a tedious and time taking process. However, habitat unit 
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identification is possible from the riverbank, yet biological diversity and their 

function are difficult to ascertain (Maddock, 1999; Hill et al., 2008). 

A geomorphic unit survey was proposed for the spatial hydro-morphological 

features identification at the river to reach scale for European rivers (Rinaldi et 

al., 2015; Gurnell et al., 2016). The geomorphic units survey (GUS) constitutes 

the physical structure that underpins the habitat units. The geomorphic units 

(Macro unit, unit and sub-unit) are organised into spatial domains, bankfull 

channel, and floodplain  (Belletti et al., 2017). The repeated assessment of 

geomorphic units for physical habitat can reveal their dynamics by integrating 

remote sensing and field survey methods. For that reason, high-resolution data 

suggested and in the case of unavailability of DEM or LiDAR data will require 

intensive field survey. This method is faster than conventional field based 

physical habitat survey. GUS method supports integration with hydro-

morphological assessment at reach scale (i.e., Morphological quality index 

(Rinaldi et al., 2013)), thus providing a better understanding of hydro-

morphological conditions of the geomorphic unit and related biological 

conditions assessment. However, assessing physical habitat conditions for a 

river network scale still requires a high amount of remote sensing data and field 

surveys. 

Although river fragmentation interferes with environmental flows, it also impacts 

the sediment transport process at the river scale. Thus, it is essential to 

maintain the natural flow condition and preserve the in-stream physical habitat 

state. The river flow conditions often deviate from the natural flow regime for 

most rivers. Contrary to that, the dam's prime objective is to exploit the water 

and energy in a regulated river system. Semi-arid and sometimes temperate 

regions experience drought conditions; in such a scenario, environmental flow 

set limits are seldom achieved. In a highly regulated river environment, the 

sediment transport processes are heavily impeded by the sediment trap 

efficiency of the dam structures and several dams situated in the upstream and 

downstream region of a river catchment. Thus, employing physical habitat 

survey or GUS hydro-morphologic feature assessment at a higher frequency 

would not add much value to the last survey unless the flow and sediment 

transport process managed to near pristine condition.  
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The following section highlights the sediment trap and physical habitat 

conditions that emerged because of a small dam or weir situated at the river 

network. The drone images describe the weirs impact taken from the ‘Europe 

dam removal movement’, and the case represent pre-and post-dam removal 

conditions of "Mollo dam" on the River Ritort (Catalonia, Spain).  

 Small dam or weir's impact on physical habitat 

Understanding the fundamental geomorphic changes, a weir or small dam can 

bring into the river system is crucial. Regardless of their size, the weir acts as 

a sediment barrier and creates a backwater effect that promotes gravel 

accumulation in upstream river reach, which changes the local base level 

(Gardner, 2017) (Figure 1.8 &  Figure 1.9). 

 

 Figure 1.7 Weir removal (also known as Mollo Dam) at the Ritort River (Spain) 
shows upstream gravel accumulation and local base-level changes while the weir 
was functional. 

 

In downstream reaches, flow over a weir, or small dam structures perform 

churning effect of water (downward & upward cyclic movement of water) that 

intensify riverbed erosion, this churning action forms a deep pool immediate to 

weir location. The churning effect of water and weir height adds a double 

whammy to fish's ability to migrate in the upstream direction, searching for 

spawning habitat. Water flowing on the weir structure is devoid of sediment at 

https://damremoval.eu/mollo-dam-removal-in-catalonia-spain/


Chapter 1: Introduction. 

21 
 

normal flow conditions except peak flow state. The water devoid of sediments 

(hungry water) affects bank stability, bed-erosion, and it transforms riffle-pool 

morphology that acts as a spawning zone for many species into pool 

morphology. Thus, river hydraulic conditions deteriorate due to such 

obstructions and result in loss of natural flow variation, leading to adverse 

effects such as incised and upstream backwater effects (Csiki and Rhoads, 

2010) ( Figure 1.9).  

 

  Figure 1.8 Weir's impact on river flow, sediment, and habitat (Gaskell, 2021). 
 

  

 Figure 1.9 Weir's impact on river geomorphology & Sediment transport (Gaskell, 
 2021). 
 

Even small weir structures can have marked control on river ecology and in-

stream flora and fauna (Morita and Yamamoto, 2002; Shafroth et al., 2002; 

Sethi et al., 2004; Mueller et al., 2011; Yan et al., 2013). The degraded habitat 



Chapter 1: Introduction. 

22 
 

can impact along river stretch both upstream and downstream. The siltation of 

weirs upstream reach and coarsening of downstream riverbed degrades the 

physical habitat condition. The installation of a fish pass cannot restore the 

spawning site, which is vanished due to sediment trapped in the backwater 

region of the river. Therefore, weir removal will lead to the healing of the river 

stream through the recovery of natural sediment transport patterns. 

Consequently, weir removal or partial removal is preferred over cosmetic 

treatment like fish pass installation (Leaniz, 2008; Fjeldstad et al., 2012; King 

and O'Hanley, 2016).  

On the other hand, weirs or small dams' impacts on sediment transport and 

geomorphology can be site-specific (Csiki and Rhoads, 2014). The response to 

geomorphic adjustment on physical habitat may vary with the temporal history 

of the river regime, habitat heterogeneity, and spatial scale (Poff and Ward, 

1990). Habitat heterogeneity varies throughout the river space, and thus, 

physical habitat diversity is emphasised at the river network scale (Wiens, 

2002). On a river network scale, river morphology and physical habitat contrasts 

based on river network's basin size, drainage density & pattern, confluence 

density, geology, substrate and many other factors, thus employing an 

approach to address the hydro-geomorphology and physical habitat 

heterogeneity at river network scale would contribute to strategies river habitat 

or health restoration efforts (Benda et al., 2004). However, physical habitat 

mapping to ascertain the river health condition or planning for river restoration 

is recommended at the meso-habitat scale (Newson and Newson, 2000). 

Though, mesoscale habitat information establishment is time-consuming and 

tedious because a river habitat survey questionnaire performed at 10m spot-

checks for a section of a river reach (Raven, 1998).  

The current study is performed at the Eamont river catchment on a reach scale. 

The study executed on the focal point of sediment transport from source to sink 

approach and its impact on geomorphology and physical habitat based on grain 

specific sediment flux entrainment, transport, and deposition pattern at river 

network scale under different discharge scenarios. Thus, it tries to solve spatial 

and temporal dimensions for sediment flux delivery for the Eamont river. 
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1.5 Sediment transport and geomorphic impact 

Rivers carry an enormous amount of sediment from continents to oceans 

(Milliman and Meade, 1983), although the amount carried by European rivers 

is smaller than other continental rivers. Evans (2006) had suggested that with 

the change of land use pattern, sediment yield had increased in British rivers. 

Still, sediment yield remains low in UK rivers compared to the rest of the world. 

However, river fragmentation in the UK and Europe could be one factor for low 

yield. The adverse impact of dams is evident since sediment starved water 

promote the downstream bed and bank erosion; consequently, 

geomorphological change occurs in the river system (Baxter, 1977; Petts, 1979, 

1980, 1984; Kondolf, 1997; Nilsson, 2005; Graf, 2006). On the other hand, an 

inter-dam setting brings a morphological change in the river, in which erosion 

is immediately downstream of an upper valley dam and depositional 

geomorphic condition in the downstream valley dam. The concept of inter-dam 

river morphology shows geomorphological features development from the 

upper valley dam to downstream valley dam,  Figure 1.10 (Skalak et al., 

2013).  
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 Figure 1.10 Conceptual model of river morphology resulting from Dam interaction 
 (Skalak et al., 2013).  
Small dams and weir structures impact river geomorphology to a lesser and 

more subtle extent compared to big dams. In recent time awareness related to 

small dams removal impact studies has increased (Juracek, 1999; Doyle et al., 

2003, 2005; Santucci et al., 2005; Ahearn and Dahlgren, 2005; Thomson et al., 

2005; Ashley et al., 2006; Orr et al., 2006; Roberts et al., 2007; Leaniz, 2008; 

Skalak et al., 2009; Walter and Tullos, 2010; Skorulis, 2014; Csiki and Rhoads, 

2014; Dufour et al., 2017; Casserly et al., 2020). The early studies stressed 

finding solutions and developing science to tackle dam removal prioritisation 

problems in a multiple dam river site scenario (Charlton, 2010). Studies have 

also indicated changes in the depth and width of the downstream river and grain 

size distribution. The primary change followed by constructing a small dam was 

in the grain size distribution, and it favoured coarsening of the river bed and 

reduced fine grain size (Skalak et al., 2009). However, the geomorphic impact 

of weir studies have contradictory findings; few studies recommend that weir 

has no measurable impact on the river (Abbasi and Abbasi, 2011; Skorulis, 

2014). Though dam impacts can vary based on the location of the dam related 

to rivers functional morphology (Montgomery and Buffington, 1997), because 

the rate of flow and sediment erosion and transport alters with hydro-

geomorphic conditions in the different river reach sections (Mueller, 2005; 

Schmidt and Wilcock, 2008; Grant et al., 2013). The river transformation could 

be due to the alteration in the river's local base level and length. Any alteration 

in base level or river length can stimulate riverbed degradation (Galay, 1983), 

and local bed degradation can shift sediment erosion, transport, and deposition 

patterns in a managed river. In addition to that, a considerable amount of 

sediment gets trapped by dams and weirs. A sediment trap is a function of the 

dam's ability to capture incoming sediment flux and represents sediment trap 

efficiency.  

A significant alteration in bed material load can occur at the tributary river 

confluence. It depends on tributary river catchment characteristics such as 

catchment's size & shape, soil, geology, slope, rainfall-runoff processes and 

resulting competent discharge in the tributary river valley. In contrast, bedload 

sediment size difference can occur due to the main river course obstructed by 
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dam and weirs, while the tributary river flows through pristine river valley 

settings. Thus, it is imperative to quantify small dams' sediment transport and 

geomorphic impacts and their coexistence with big dams at the river network. 

Multiple dams can heavily impact natural geomorphic processes and degrade 

habitat (Anderson et al., 2015). Consequently, habitat damage causes threats 

to aquatic flora and fauna adaptability to degraded habitat and ultimately 

decreases biodiversity (Shafroth et al., 2002; Lucas et al., 2009). 

 

 Figure 1.11 The interconnected river system, in which the sediment transport 
process plays a functional role in transforming fluvial geomorphology and ecology 
 (Kondolf, 1997). 
 

Ideally, sediment transport should be analysed at a river network scale with the 

perspective concept of a source to sink (Fryirs et al., 2007; Semrau and Hurck, 

2012; Bracken et al., 2015; Li et al., 2016). The concept views sediment 

entrainment and transport through various geomorphic connected zones. It is 

imperative to address the sediment transport at the network scale because 

spatial and temporal variability occurs for suspended and bedload sediments 

(Ashmore and Day, 1988; Church et al., 1999; Ashmore and Rennie, 2013). In 

addition, sediment size diminution is observed in the longitudinal direction, 

which is affected by incoming sediment flux from headwater reach and the river 
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mouth (Rice, 1999). Distinctly, sediment size diminution occurs under available 

transport capacity, and shear stress variation from source reach to sink 

(terminus) reach. The spatial and temporal variation in sediment distribution 

reveals historical sediment transport patterns for a river system. Therefore, 

having hydro-geomorphic and sediment size distribution evidence at a river 

catchment provides crucial knowledge & evidence for river management and 

restoration planning. In gravel-bed rivers, disparate sediment sorting is caused 

by size-selective transport, which is most prevalent in the headwater region of 

the catchment (Lisle, 1995). The size-selective sediment transport is the 

consequence of the threshold difference (shear stress and transport capacity) 

for fine and coarse sediment entrainment and sediment supply (Lisle and Hilton, 

1992). Sediment entrainment and transfer processes occur at the grain scale 

(Cooper et al., 2012). 

A better connection between the hillslope erosion process and the in-stream 

network can enhance sediment transfer assessment (Cavalli et al., 2013). The 

connectivity can establish hydrological and sediment connectivity under various 

hydro-geomorphic conditions responsible for sediment flux and water transfer 

through different parts of river catchment (Cavalli et al., 2019). Thus, 

connectivity provides insight for landscape and instream degradation and 

aggradation information at different spatial & temporal scales, which fluctuate 

with the intensity of overland flow and river discharge. However, overland flow 

connectivity (hydrological connectivity) is hard to establish and yet to be 

implemented in models to quantify it spatially. (Bracken and Croke, 2007; 

Bracken et al., 2013).  

On the other hand, sediment connectivity framework, which addresses 

sediment detachment, transfer, and deposition processes from a source to sink 

through the landscape and in-stream of a river catchment, analyse key 

sediment connectivity elements: 1) frequency and magnitude distribution of 

sediment transport process; 2) spatial-temporal quantification of sediment 

entrainment and transport processes; 3) mechanism of sediment detachment 

and transport. However, the hydrological drag intensity controls sediment 

entrainment, transport, and deposition processes, in the connected pathways 

(Bracken et al., 2015). The connectivity defines the connected pathways for 
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transferring water and sediment (Czuba and Foufoula-Georgiou, 2015; Fryirs 

et al., 2016). Thus, hydrological and sediment connectivity is implemented to 

analyse and predict how sediment flux moves across the catchment through 

connected and disconnected pathways. The established connectivity will 

explain landscape dynamics and enhance catchment environmental 

management practices by improving the river's natural connectivity (Kondolf et 

al., 2006; Csiki and Rhoads, 2010; Anderson et al., 2015; Dufour et al., 2017). 

Sediment connectivity can provide evolutionary trends and sensitivity to 

perturbation for a river with coarse sediments (Hooke, 2003), subject to linked 

sediment source, sediment supply and transport capacity variability at different 

space and time dimensions.  

The river observation-based studies have supported size-selective sediment 

transport under steady flow conditions (Mao and Lenzi, 2007; Madej et al., 

2009; Mao and Surian, 2010). Studying a river’s morphology is complex, with 

varying hydro and sediment dynamic conditions, especially at the river 

confluence (Best and Rhoads, 2008). In such a complex environment, the 

implementation of numerical models favoured assessing sediment transport for 

the connected river sections responsible for sediment flux transfer (Jain and 

Tandon, 2010; Kleinhans et al., 2013; Heckmann et al., 2015).  

 

Figure 1.12 Schematic diagram explaining the role of sediment connectivity concept 
in the river and catchment processes and its importance in river management 
(Poeppl et al., 2017; Keesstra et al., 2018). 
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The graph theory models were applied at the field scale (Fressard and Cossart, 

2019), coastal area (Pearson et al., 2020), at river network (Connor‐Streich et 

al., 2018; Khan et al., 2021), within the catchment (Cossart and Fressard, 2017) 

for the assessment of sediment transport. Implementing and adopting a size-

selective grain size model that processes sediment entrainment transport and 

deposition at a network scale can be a better option. To establish the connected 

source and their respective sink, in conjunction with dis-connected parts of the 

river network, which is based on transport capacity (hydro-geomorphic 

conditions), and dam or weir's sediment trap efficiency that affects the incoming 

flux from upstream reach to downstream reach.  

Since sediment connectivity concept offers means to understand the complexity 

among river hydrology, geomorphology and ecology, which also provide an 

additional dimension for understanding human impacts on the river system and 

its feedback mechanism, Figure 1.12 (Poeppl et al., 2017). Thus, sediment 

connectivity helps evaluate the system dynamics, and it is recommended for 

the scientific application to aid policy-making (Keesstra et al., 2018).   

For the mentioned statement, a sediment connectivity tool named "CAtchment 

Sediment Connectivity And DElivery (CASCADE) "framework uses graph 

theory to process the connected sediment pathways implemented in the current 

project. Sediment connectivity with graph theory finds possible connected 

sediment pathway that is implemented a numerical model (Wenger et al., 1999; 

Heckmann and Schwanghart, 2013; Schmitt et al., 2018b; Wohl et al., 2019). 

Such numerical models find connected sediment pathways and establish 

sediment connectivity. However, at the same time, it results in natural or 

artificial sediment disconnectivity, which helps in predicting dam removal 

scenarios development. Thus model will guide us in the management of better 

dam operation or in planning dam removal analysis (Pizzuto, 2002; Schick and 

Lindley, 2007; McKay et al., 2013; Branco et al., 2014; King and O’Hanley, 

2016; McKay et al., 2017; Schmitt et al., 2018a; Ishiyama et al., 2018; de Leaniz 

and O’Hanley, 2021).  

The project implementation and goals defined in the following section explains 

why it is crucial to develop insight into river fragmentation's impact on the 
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geomorphic state of the river and consequent degradation of physical habitat 

and ecology of the river system. However, the project was executed and 

processed at the resolution of the river reach scale.  

1.6 Dam Removal as an option of river restoration 

As mentioned earlier, the level of fragmentation in the world and the European 

continent is becoming a significant problem; fragmentation and the resulting 

decline of biodiversity is a fundamental cause of concern. River fragmentation 

is a functional dis-connectivity, which restricts an organism's movement to 

complete crucial life stages. The physical dam removal that reconnects the river 

and its removal authority often fall with political will and bureaucratic 

administration. Hence, scientific reasoning and planning would be appropriate 

to convince all to achieve harmonious river restoration objectives. 

Adaptive management of barrier removal is a way forward to find a balance 

between environmental protection and the ever-increasing human population 

(Lee and Lawrence, 1985; Stanford et al., 1996; Ormerod, 2009; Wilby et al., 

2010). Human reliance on water resources and their exploitation has to find a 

solution without conflicting environmental protection and water requirement for 

human consumption or use (Falkenmark, 1986; Poff et al., 2003; Palmer et al., 

2008; Newson, 2008). During the industrialisation era, water resources were 

exploited as a free resource, and river space was fragmented by barriers, 

resulting in rivers clogged with trapped sediments. The declining trends of 

freshwater biodiversity have compelled river managers and policymakers to 

accelerate river restoration efforts. River restoration is more inclined towards 

biological community restoration than just geomorphic conditions. However, 

river restoration efforts must focus on the catchment scale rather than site-

specific restoration attempts (Stanford et al., 1996; Bohn and Kershner, 2002). 

In other words, restoration work restricted to limited river stretch may fail to 

produce a fruitful outcome because of its piecemeal restoration nature. 

Additionally, site-specific measures are against the river continuum concept, 

and it keeps geomorphic conditions and biodiversity declining threats unsolved 

unless entire river network scale fragmentation is considered to improve overall 

river and habitat connectivity (Bond and Lake, 2003; Bernhardt et al., 2005). 
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Removal of barriers that are impassable for the biotic community, especially 

fish and other communities because they move in back & forth direction in the 

river, and towards sea based on their life stages. They search for suitable 

spawning physical habitat required for offspring. 

Climate simulation models predicted elevated flood risk in the winter months 

due to winter rainfall patterns (Richardson, 2002; Wilby et al., 2008; Coulthard 

et al., 2012). While in the northern part of the globe, winter months will be wetter 

than the southern region in the projected runoff change trend for Europe (Stahl 

et al., 2010; Kiesel et al., 2019). Earlier, climate model projections at the river 

catchment scale were complicated due to the climate data downscaling 

problem (Prudhomme et al., 2002, 2003). Recently, high-resolution climate 

data (1km resolution) availability provides an opportunity to access hydrological 

alteration in space & time at the river catchment scale (Prudhomme et al., 

2012). Therefore, adaptation strategies to minimise climate ramifications in 

managed river catchments are highly recommended and termed "adaptive 

management". The typical management recommendations for a regulated river 

catchment are stormwater and sediment management, dam removal or 

retrofitting, riparian vegetation, channel reconfiguration, riverbank and 

floodplain management, water quality and flow management, fish pass 

installation, and addressing conjunctive ground/ surface water uses (Palmer et 

al., 2008). These management actions in regulated rivers would improve the 

longitudinal and lateral connectivity, and it is going to impact available free-

flowing river space in regulated river catchment than other site-specific 

management action. Therefore, dam removal is a widely accepted river 

restoration activity (Magilligan et al., 2016; Foley et al., 2017). However, 

uncertainty associated with dam removal action is higher because dam removal 

impacts projects typically involve less than five years of monitoring, and lack of 

catchment condition assessment (alteration in river catchment pre & post dam 

removal period) can be the reason for the paucity of knowledge (Darby and 

Sear, 2008; Foley et al., 2017). The recommended time scale for studying 

fluvial restoration work is defined as at least a decade or more, and this is 

because the geomorphological process takes longer space and time scale than 

civil engineering works (Sear et al., 1995). Management actions to restore 
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fluvial systems have uncertainty, yet these actions and monitoring provide 

valuable feedback, which is essential for understanding adaptive management 

actions (Newson and Clark, 2008). Because sustainability itself is an 

evolutionary approach and restoration efforts may not recover the system in its 

original state, river restoration can bring the system in a better environmental 

condition even if it is not identical to past conditions (Large et al., 2012; Schmutz 

et al., 2018). 

The problem with restoration at the river catchment scale is that water physio-

chemical properties change at a higher frequency, and biological diversity 

requires a history of the species and may require reintroducing the species to 

the physical habitat. However, the availability of pristine habitat is subjected to 

human influence regarding the land-use change (Sutherland et al., 2002), river 

management related issues such as pollution point sources, flood control, 

sediment trap efficiency. These issues fall between the process-based and 

evidence-based approaches, and both vary in space and time. However, 

process-based approaches often employ empirical models to guide 

management approaches, and with the advancement in computing power and 

sediment transport modelling, this has opened a new avenue for river 

restoration (Nelson et al., 2003).  

Physical habitat suitability and geomorphic conditions are linked with coarse 

sediment supply, transport, and deposition. Fine-grain sediment transport is 

supply-limited and coarse sediment both supply-limited and transport-limited 

and controlled by flow conditions variation in the riverscape (Milhous, 1973; Cui 

and Parker, 2005), and this variation facilitates the formation of different 

morphological and physical habitat conditions. Disparities in morphology and 

habitat occur with size-selective transport and the advancements in fractional 

sediment transport equations, now it is possible to implement fractional 

sediment transport equation in the numerical model (Tangi et al., 2019a) and 

predict the sediment transport and depositional pattern, which consider the 

presence of sand and gravel, and mutual impact of sediment movement 

(Wilcock and Crowe, 2003). There is a surge in the development of numerical 

models to simulate dam removal impacts (Cantelli et al., 2007; Grant et al., 

2008; Downs et al., 2009; Greimann, 2013; Podolak and Wilcock, 2013; Gartner 
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et al., 2015), and revealed the importance of grain size distribution information 

in numerical modelling (Ferrer‐Boix et al., 2014). 

Sediment movement from the prospective sediment source to sink can be 

achieved in conjunction with graph theory and sediment transport modelling, 

preferably fractional sediment transport modelling, and it has been realised in 

the CASCADE framework (Tangi et al., 2019a). CASCADE is adopted in the 

present case to develop fractional sediment flux analysis for the Eamont river 

catchment by simulating impacts for barriers on the Eamont river network. The 

simulation was performed with different flow conditions and a combination of 

dam removal scenario impacts at the reach scale. In the current study, the 

Eamont river catchment’s sediment routing was performed with the 

consideration of 18-grain size classes mentioned in ‘Krumbein phi scale (Φ)’ 

that ranges between Boulder (-9.5 Φ) and silt (7.5 Φ). Therefore, the CASCADE 

model has simulated sediment routing for the entire grain size range used for 

the parametrization.  However, the Eamont river flows through a hard rock train 

and predominantly a gravel-bed river. Hence, routing for sediment phase is 

performed for the gravel & sand particles because weir structures allow the 

movement of fine and suspended sediment contrary to that traps gravel and 

sand particles. The analysis is based on sediment class range between -5.5 Φ 

and -1.5 Φ for weir removal scenario development, and annual sediment flux is 

estimated for the whole sediment class used for the parametrization. 

Dam removal has gained popularity among river engineers, environmentalists 

and fish biologists, and it is recommended to focus on hydrology, 

geomorphology and ecological integrity for any river restoration programme 

(Hart et al., 2002; Clarke et al., 2003). Europe is adopting dam removal to 

improve rivers' ecological state, which has gained momentum following the 

Europe water framework directive in 2000 (Schiermeier, 2018). Dam removal 

is the quickest way to improve the hydrological, sediment and ecological 

connectivity because any limitation to RCC would result in fragmented habitat 

conditions and its causative impact on the migratory fish community (Neraas 

and Spruell, 2001; Santucci et al., 2005). The negative response of small dam 

removal can be transit nature and local, while their ecological benefits may 

require long term monitoring (Bushaw‐Newton et al., 2002).  
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However, dam removal may not be an appropriate option for ecological balance 

as fine sediments can suffocate downstream reaches in a post-dam removal 

scenario (Sethi et al., 2004). Though sediment flux leaving post dam removal 

activity may vary, which is subject to the dam's size (height) and trap efficiency. 

Predominantly, big dams trap a more significant fraction of sediments than 

small dams that trap a modest amount of sediments. As mentioned earlier, the 

ecological benefit cannot be expected in a short span post dam removal; 

therefore, considering and assessing the geomorphic impact of dam removal 

requires longer timescales of monitoring. Dam removal activity can bring a few 

notable geomorphic changes in the downstream river, such as reservoir 

erosion, downstream deposition, river gradient & river width change, river bed 

texture, bedforms and channel pattern change (Major et al., 2017). Crucially, 

grain size distribution plays a vital role because it determines the sediment 

movement and extent of sediment transport under different discharge 

scenarios, thereby likely changes in the geomorphic state of the river. Fine 

sediments have less impact than coarse sediments on the downstream river 

because fine sediments fill interstitial space and become part of the suspended 

load, which causes turbidity current under high discharge conditions (Doyle et 

al., 2002, 2003; Granata et al., 2008; Major et al., 2012; Magirl et al., 2015). In 

a gravel-bed river, grain size distribution becomes a required parameter to 

ascertain the geomorphic impact of dam removal and sediment transport as 

gravels are predominant compared to fine-grain sediment. However, geological 

setting, land use and agricultural practices can significantly modify fine-grain 

sediment in the river system and species friendly habitat. 

  Questions concerning river fragmentation and weir removal  

The prevalent presence of small dams on our river network system is 

comparatively higher than big dams. It is unbiased to say that small dams do 

fragment river systems at a higher frequency than large dams, and scientific 

research of small dam removal and their impact on river geomorphic state is 

supported in the past (Poff and Hart, 2002; Stewart and Grant, 2005). This has 

ignited the focused research related to dam removal while considering other 

dams' influence, which is present on a river network scale. Sediment 

management approaches recommend minimising the environmental impacts of 
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the dams on river physical habitat conditions (Kondolf et al., 2014a; Null et al., 

2014). The myth that small dams or hydro projects are environmentally friendly 

has no rational basis and must be evaluated for severe impacts (Abbasi and 

Abbasi, 2011). Small dam or weir removal has shown positive results because, 

despite their small size, weir acts as an impediment for fish movement, and 

thereby the existence of weir causes a decline in species diversity (Santucci et 

al., 2005; Leaniz, 2008). Removal of small dams or weirs is strongly supported 

based on positive changes in the biotic community supported by the past 30 

years of data (Birnie-Gauvin et al., 2017). 

On the other hand, small dam removal and its influence on geomorphology and 

sediment transport are gaining recognition (Doyle et al., 2005; Csiki and 

Rhoads, 2014). Moreover, quantifying the geomorphic response of small dam 

removal with numerical modelling was recommended (Csiki and Rhoads, 

2010). However, the emphasis is given to an integrated approach that 

considers neighbouring dam influences on small dam removal (Fencl et al., 

2015; Poeppl et al., 2015). 

This work examines the dam removal scenario for the river Eamont catchments 

via a modelling approach.  We encountered a few bottlenecks that have been 

resolved with multiple models and a network scale river survey, in hierarchical 

order and following the thesis structure, a few crucial modelling and surveying 

approaches were adopted. First, the SWAT (Soil and Water Assessment Tool) 

model was performed to establish distributed hydrological conditions for the 

Eamont river network. Second, the Eamont river catchment and many other UK 

river catchment lacks sediment records, severely restricting sediment transport 

modelling simulation. Hence, a drone-based low altitude, high-resolution 

database created for the Eamont river catchment represents non-cohesive 

gravel beds. Gravel bed images were pre-processed for transforming them into 

scaled images, which serves as input for image-based optical granulometric 

analysis. The developed gran size distribution information was collected for the 

river source area and river confluence point because the grain size distribution 

difference reflects the river's hydro-geomorphic state. Finally, a sediment 

transport model CASCADE was selected to analyse dams' mutual impact on 

sediment transport and geomorphic conditions; the model uses size-selective 
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transport equations and considers the hiding function responsible for sand and 

gravel presence and their mutual impact on sediment transport.  

It is crucial to mention that the main reason for implementing the CASCADE 

performs grain-specific sediment routing compared to SWAT, which can 

process the sediment routing for grain size between 2mm to 10mm as a bulk 

sediment load. The justification for the CASCADE model is elaborated in 

section 4.2. 

This leads us to address the following research questions: 

• What is the temporal and spatial response scale of impounded channels to 

barrier removal in small channels? 

• At the network scale, how can we prioritise which barriers to remove when 

a network is affected by multiple impoundments? 

• Which removal scenarios can lead to predictable improvements in in-

stream physical habitats?  

1.7 Thesis structure  

The content of this thesis is organised into five main chapters, a summary, an 

appendix and concluding remarks.  

Chapter 2. Study area and Hydro-morphological parameters. This chapter 

explains the physiography and geomorphology of the Eamont river catchment. 

In addition, the chapter consists of data used in the hydrological model 

parametrization and provides information on data synthesis in the weather 

generator of the hydrological model. The chapter explains the data used for 

water released from dam structures and the catchment outlet gauge station. 

Furthermore, it explains the method suitable for sediment trap efficiency 

calculation in a poor data region. Sediment trap efficiency is a crucial input for 

sediment transport model that can quantify the weir or dam’s geomorphic 

footprint based on sediment trapped by a dam structure. 

Chapter 3. Fluvial Morphotypes and Grain Sizes: assessment and 

modelling implications. This chapter explains the methodology adopted for 

grain size distribution (GSD) data is extracted based on hyper-spatial drone 

images. However, drones provide a faster data collection approach for the 
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various part of the river gravel bed and their photographic analysis (optical 

granulometric). It is impractical to get the image sample for each reach 

considered in the hydrological and sediment transport model. Therefore, river 

morphotype’s are identified based on the morphological and grain size 

samples, which provide insight for probable grain distribution in the unsampled 

river reaches. The model also explains the utility of the sample grain size in the 

modelling environment. 

Chapter 4. SWAT model simulation and its calibration analysis for long-

term hydrological assessment in the Eamont catchment. This chapter 

introduces the modelling principles of SWAT (Soil & Water Assessment Tool) 

and distributed hydrological modelling. The chapter explains model calibration, 

validation, and uncertainty analysis for hydrological modelling daily between 

1960 and 2015. The Eamont river catchment is highly managed and consists 

of 22 dams and weirs. One of the dams is a major dam and impacts the 

hydrology of the catchment, located on a major tributary (Lowther River) of the 

catchment. Eamont River flow through an open lake (Ullswater Lake), and big 

lakes can attenuate the hydrological fluctuation. Therefore, the SWAT model 

was implemented and explained to assess the distributed hydrology of the 

Eamont and establish variations within the catchment. 

Chapter 5. CASCADE Model: an introduction & its utility in weir removal 

analysis in a data-poor river catchment. This chapter discusses the 

CASCADE model structure and its application in the Eamont River Catchment 

presented. CASCADE model performs sediment transport modelling with graph 

theory, and model simulates sediment transport information from the ‘source to 

sink’ approach at a river network scale. This chapter also highlights the 

integration of the SWAT and CASCADE model, in which SWAT provides river 

network and distributed long term hydrological information, and CASCADE 

process sediment transport with the hydro-geomorphological parameter of the 

different river reach section. 

Chapter 6. The adaptive management approach for prioritising barrier 

removal with CASCADE Model Simulation: (Eamont river catchment: a 

weir removal case). This chapter discusses an integrated approach of the 
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SWAT and CASCADE model to develop adaptive management scenarios 

based on different discharge conditions and by switching dams on & off 

(virtually), which would provide sediment entrainment, transport, and deposition 

pattern on the Eamont river network. This base decision has based on the 

catchment outlet sediment yield and dam removal scenario. The adaptive 

management is based on a dam or weir's sediment trap efficiency and in 

conjunction with hydro-geomorphic settings experienced in the CASCADE 

simulation.  

Chapter 7. Thesis summary and future perspectives. The research 

approach's implications and justification, and limitations are presented. This 

chapter would also provide an insight into the thesis. It will also discuss the pros 

and cons that will set future opportunities to enhance confidence and resolution 

beyond the reach scale. 
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Chapter 2: Study area and Hydro-morphological 

parameters  
 

2.1 Study Area 

The Eamont River catchment covers 396.2 km2 ( Figure 2.1) (National 

River Flow Archive, 2021). The geographic extent of the catchment is between 

54.700N, -3.070E and 54.450N, -2.610E. The catchment area is a part of the 

mountainous Lake District region, the largest National Park of England. This 

part of the country has England's highest mountain peaks. One of the highest 

peaks, Hellvelyn (950m), divides Ullswater and Windermere lakes catchments. 

 

 Figure 2.1 The Eamont river catchment area in Lake District (North-West U.K.). 
 

Moreover, Ullswater Lake feeds the Eamont River and is the second-largest 

natural Lake in England. It has a surface area of 8.68 Km2 and 25.3 meters of 
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mean depth (UKCEH, 2021). Ullswater Lake is a ribbon lake, and its formation 

is favoured by the alternate bend of hard and soft rock resistance to erosion. 

The hard rocks remained intact, leaving an open Lake after the erosion of soft 

rock. The open Lake attenuates the hydrological response of the catchment by 

reducing the fluctuation and intensity of the river discharge. The hard rock 

geology predominates the area, mainly igneous and metamorphic rocks, Figure 

2.2. River catchment’s grassland land-use class outweighs the other classes, 

Figure 2.5, and the region receives maximum rainfall compared to other parts 

of the U.K., and for the catchment, it is reflected in Figure 2.9.    

The Lowther River, a major tributary of the Eamont River, has two dams: 

Haweswater and Wet Sleddale. Both dams form reservoirs for water storage 

and inter-basin water transfer schemes (Rigby et al., 2016). Haweswater is one 

of the most significant reservoirs (88 million m3) in the U.K., while the Wet 

Sleddale reservoir stores a modest volume of water (two million m3). 

Haweswater, Wet Sleddale and Ullswater (since 1971) collectively transfer 

water (477000 m3/ day) to Manchester via an underground aqueduct, which 

originates from Haweswater reservoir. Thus, the Lowther River tributary 

significantly influences catchment discharge and sediment transport processes. 

2.2 Regional Geology and Physiography  

The lake district region originated from volcanic activity between the Ordovician 

and Devonian period (Moseley, 1986), and the oldest rocks date back to the 

500 million years of the Skiddaw group. The youngest rocks of the region 

belong to the Permian & Triassic periods. The Skiddaw group rocks are 

siltstone, mudstone, shales, and sandstone. These sedimentary rocks form an 

inlier (older rocks surrounded by younger rocks) at the headwater region of 

Ullswater lake. The igneous rock found in the catchment is Basalt, Andesite, 

Porphyritic andesite and Rhyolite (Smith, 2019). Superficial geology broadly 

consists of peat, clay, sand, silt, gravel, and angular rock fragments. The most 

prominent superficial geological forms are Diamiction (poorly sorted 

unconsolidated sediments) and scree deposits on hillslopes of high relief areas 

of the Eamont river catchment. 
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 Figure 2.2 Hydrogeology of the Eamont River Catchment (Source: British Geological 
 Survey materials © UKRI [2019]). 
 

The landscape and geomorphology of the Lake district are primarily dictated by 

the region's glaciation history (Evans, 2020). Cirque, hanging valley and glacial 

till deposits were carved out by glacial activity in the past. The drainage pattern 

in the region is radial, which acknowledges the presence of hard rock in the 

region.  

The hydrogeology of the catchment rock formation and geological succession 

is illustrated in  Figure 2.2. The rock formations for the Eamont region 

show characteristics of poor aquifer conditions. The Yoredale group, Permian 

rocks and Dinantian rocks form moderate productivity aquifers, while the 

remaining other rock formations have low productivity aquifer characteristics. 

The water table in the catchment lies between 50m below ground surface and 

100m below high ground (Allen et al., 2010). The hydraulic gradient is gentle in 

the Eamont river catchment at Penrith and directed towards the catchment 
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rivers (Ingram, 1978). The Penrith area has an underlying sandstone aquifer 

suitable for water transmission. Baseflow contributes significantly to the 

catchment outlet in the summer months.  

However, in the case of Eamont, the catchment hydrological response deviates 

from the natural conditions because of multiple factors. First, the presence of 

Ullswater in the Eamont river catchment and Haweswater reservoir in the 

Lowther, along with Haweswater aqueduct (an inter-basin transfer scheme), 

has collectively impacted the hydrology of the Eamont river catchment. Second, 

the volume transferred to Manchester via aqueduct is approximately 477 million 

litres of water per day (Lewis and Atkinson, 2020). The cumulative impact of 

natural lake and management structures on the course of Eamont river network 

natural processes plays a secondary role, and thus it influences hydrology of 

the catchment (Abbaspour, 2008; Pattison et al., 2014).  

A river catchment's hydrograph or hydrological response is a cumulative 

response of catchment's environmental, surface and sub-surface conditions. 

The catchment's response is subdivided into many physical processes that 

strongly affect rainfall and resulting runoff. Runoff varies at spatial and temporal 

scales of soil variability, land use, topography and weather parameters (Wood 

et al., 1988). Multiple tributaries have respective sub-catchments; however, 

catchment properties show spatial variation in soil, land use and topography in 

distinct categories and spatial rainfall variability. Thus, the hydrology of sub-

catchment can have their unique response to the same intensity rainfall event 

over various parts of the river catchment.  

Hydrological modelling at a catchment scale tries to achieve the primary 

objective of reporting water balance equation components and their 

quantification (infiltration, evaporation, groundwater recharge, baseflow, runoff, 

in-stream discharge). A simple water balance mathematical representation of 

catchment processes is provided in equation 2.1, 

 𝑅 = 𝑃 − 𝐸𝑇 − 𝐼𝐺 − 𝛥𝑆 2.1 

In equation 2.1, where 𝑅 is runoff, 𝑃 precipitation, 𝐸𝑇 Evapotranspiration, 𝐼𝐺 

infiltration / groundwater, and 𝛥𝑆 change in soil storage.  
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Hydrological models solve the water balance equation components at the 

spatial unit of discretisation. Moreover, the models were discretised at the 

thematic layer's resolution unit (topographic data resolution). The spatial 

diversity in the catchment and its hydrological response modelled for a spatial 

discretised unit,  Figure 2.3. In addition, physical, geographic, and human-

induced impacts and inclusion of human impacts may define characteristics of 

a river catchment hydrology, which is different from the natural hydrological 

response of a catchment. 

 

 Figure 2.3 Hydrological model's spatial processes discretisation at catchment and 
sub-catchment of thematic information (source: https://bit.ly/3t1hhv1). 

 

2.3 Hydrological model input data 

As mentioned earlier, the Eamont catchment’s physiography and human 

anthropogenic actions impact the hydrological response. For example, the 

ponds and lakes attenuate a catchment's hydrological response along with the 

sub-catchment scale (Nicholson et al., 2012; Yasarer et al., 2018). In the case 

of the Eamont catchment, various glacial lakes are present at the high-altitude 

headwater region and at the low altitude downstream region, which affects the 

headwater region and river outlet sub-catchments. In other words, the presence 

of lakes and ponds at different elevations in the catchment area does not only 

affect the flow in the main river, but also it can affect the sediment erosion and 
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deposition pattern from the source area, in the transport region, and 

consequently, flow and delivery of water & sediment to the outlet. Thus, lake 

and ponds presence in different river tributaries sub-catchments can have a 

pronounced impact on catchment hydrology (Pattison et al., 2014). In addition 

to that, river sub-catchments are influenced by anthropogenic water resources 

management structures and schemes (Petts, 1988; Smithers and Walker, 

1997; Robinson et al., 1998; Fowler et al., 2007; Nicholson, 2015; Rigby et al., 

2016).  

A physics-based hydrological requires a diversity of input data regarding 

climatic variables, hydrological parameters, and river catchment's geomorphic, 

physiographic states. The physical information of the catchment is provided in 

the form of spatial and non-spatial data, which abstract the physical nature of 

the catchment, including surface and sub-surface boundary conditions.  

 Digital Elevation Model (DEM) 

The catchment topography and its representation in the DEM have a 

pronounced impact on the hydrological response of the catchment. An 

acceptable resolution digital elevation model provides the estimation of relief 

difference, catchment delineation and river gradients. Appropriate resolution is 

a crucial factor because a poor resolution DEM influences the hydrological 

assessment (Chaubey et al., 2005; Tan et al., 2015; Nazari-Sharabian et al., 

2020). Thus, the accuracy and resolution of a DEM play a crucial role in 

hydrological parameters derivation are essential in a hydrological model 

(Tarboton et al., 1991; Zhang and Montgomery, 1994; Vaze et al., 2010).  

The SRTM product is highly recommended for hydrological applications 

because it is a hydrologically corrected dataset (Jarihani et al., 2015). However, 

considering the relatively small Eamont river catchment size (396.2 km2), a 

higher resolution DEM is required to represent and capture the high spatial 

diversity in catchment topography. For this reason, a 5m DTM produced with 

low altitude aerial photogrammetry (Bluesky, 2014) is tested with the ASTER 

(30m) and the SRTM (90m) digital elevation models. The 5m DEM performed 

better in catchment delineation and river reach extraction compared with other 

available DEM raster datasets (ASTER and SRTM). Since 5m DEM is a product 
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of aerial photogrammetry, the DTM dataset is impacted by a few spatial surface 

features that create salt and pepper. The salt and pepper noise explains the 

sudden change in pixel values in a digital image. However, in the digital 

elevation model, pixel value represents elevation, and therefore salt and pepper 

noise in the context of DEM refers to an abnormal change in relief. To avoid 

elevation inconsistency in the DTM dataset, it undergoes a pre-processing step 

required to form a DEM model. It requires sink filling pre-processing before 

deriving subsequent flow direction and flow accumulation terrain properties 

(free from the artificial sink and surface object errors) (Djokic and Ye, 2000).  

The processed DEM has shown a minimal error (surface objects) and 

hydrological sinks. Therefore, it is utilised as the hydrological model's DEM 

(Figure 2.4) input raster. This DEM is used for catchment delineation based on 

hydrological and geomorphological divides, for instance, location of barriers 

and change in river width. 

 

 Figure 2.4 A 5m digital terrain model. 
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 Land use 

The land use of a river catchment determines the hydrological response of the 

river catchment because the primary water interaction of any given rainfall 

event occurs at the land use unit. The runoff volume generated from a well-

vegetated area or forest land vs bare land will not be the same. Therefore, the 

time of concentration will vary among the various land use units. In the 

hydrological model, the runoff response of a rainfall event is generated through 

a land-use unit, and it is assessed with the curve number (CN), defined in the 

SCS method for abstractions (Chow et al., 1988, p. 147–150).  

In the current study, the land cover of 2015 is classified into 21 land use classes. 

 Figure 2.5 indicates the distribution of different Land use classes within 

the Eamont River catchment. Despite the 21 classes, only 15 land use classes 

cover the Eamont river catchment boundary. The Eamont river catchment area 

falls mainly under the Grassland category 77.97%, further divided into acidic 

and neutral categories. The remainder is Woodland (7.68%), Bogs (5.56%), 

Horticultural land (3.22%) and Urban land  (2.07%) and water bodies (3.5%) 

("Land Cover Map-2015," 2018).  

 

 Figure 2.5 The land use of Eamont River Catchment (2015). 
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For input into the hydrological model, land use classes need to be converted to 

scientific attributes such as Leaf area index (LAI), Curve Number (C.N.), plant 

growth, nutrient uptake, and many others. Therefore, the land cover dataset is 

reclassified according to predefined hydrological models recognisable Land 

Use codes.  Table 2.1 shows the reclassification of 2015 land-use into defined 

hydrological models land-use classes reduced to ten classes. 

Land use 2015 SWAT Code SWAT Numeric Code 

Arable and Horticulture ORCD 4 

Acid Grassland RNGE 15 

Bog WETL 9 

Broadleaf woodland FRST 6 

Calcareous Grassland RNGE 15 

Coniferous Woodland FRSE 8 

Freshwater WATR 18 

Heather RNGB 16 

Heather Grassland RNGB 16 

Improved Grassland RNGB 15 

Inland Rock BARR 118 

Natural Grassland  RNGE 15 

Suburban URHD 2 

Urban URBN 1  

 
 Table 2.1 The land use translation table explains the reclassification of land use 
 2015 to SWAT database code. 

 

In  Table 2.1, the hydrological model’s land-use code converts the 2015 

land-use data into urban (URBN), urban high density (URHD), grassland 

(RNGE), range shrubland (RNGB), mixed forest (FRST), evergreen forest 

(FRSE), orchards (ORCD), bare rocks (BARR), and water/lake (WATR). 

Finally, the spatial land use entity gets its non-spatial characteristics described 

in the SWAT relational database, and these are used for hydrological cycle 

processes related to model and equation calculation. 

 Soil  

A rainfall event recharges surface and sub-surface water, and the soil category 

controls the allocation of water to each soil profile region. Soil moisture depends 
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on soil type, soil matrix and determines water content retained in the soil profile. 

Simultaneously, soil moisture depletion occurs in the plant uptake 

(transpiration) or evapotranspiration process, along with excess soil moisture, 

which seeps through the soil profile and recharges the subsurface aquifer. 

Antecedent soil moisture in the soil profile can significantly influence the fraction 

of rainfall converted into runoff. Similarly, a saturated soil profile reacts faster 

than an unsaturated soil profile at the time of the rainfall-runoff process. 

Conversely, unsaturated soil profile increases soil saturation time and thereby, 

the time of concentration would be higher. Therefore, knowledge and access to 

soil characteristics data can improve the hydrological assessment via a 

modelling procedure.  

The Eamont river catchment data concerning soil water condition, soil 

characteristics & soil profile provide insight for calculating antecedent moisture 

condition in the related mathematical equations of the hydrological cycle. We 

use the Harmonized World Soil Database (FAO/IIASA/ISRIC/ISSCAS/JRC, 

2012), a global soil dataset with 16,000 soil mapping units that has a resolution 

of three arc-second (Batjes, 2009). The HWSD soil database contains soil 

mapping unit information related to soil phases (solid, liquid, gaseous and living 

phase). The HWSD data provides chemical and physical characteristics of 

topsoil (0-30cm) and subsoil (30-100cm). The soil database comprises soil 

characteristics such as pH, water storage capacity, organic carbon, soil depth, 

cation exchange capacity, clay fraction, total exchangeable nutrients, lime and 

gypsum contents, salinity, sodium exchange percentage, soil texture and 

granulometry ( Figure 2.6).  
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 Figure 2.6 HWSD database (top & sub-soil physical, chemical properties). 
 

 The HWSD database is visualised and accessed in a prescribed application 

software named Harmonized World Soil Database Viewer (version 1.21, 

 Figure 2.7). The catchment specific spatial soil unit information is extracted and 

connected to the soil attribute database (Microsoft Access database for soil 

properties) (FAO, 2021). This information plays a crucial role in land phase 

hydrological processing because it determines soil water availability for the 

plant. The excess water in the soil layer is modelled through evapotranspiration 

and groundwater recharge. 
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 Figure 2.7 The Harmonised World Soil Database (HWSD) accessed in HWSD-Viewer 
application (Version 1.21). 
 

Furthermore, the soil thematic information is enhanced with the integration of a 

waterbody layer. This is essential since water bodies in the Eamont catchment 

have a cumulative area of 3.5% of the total catchment area. Rain falling over 

any water body is directly converted into water volume, and therefore processes 

such as infiltration in soil and sub-soil layer can be avoided for Lake, pond, and 

reservoir areas if we add a water body layer.  

The HWSD soil raster database is updated with the waterbodies layer. Then 

the updated soil data is utilised as soil input. In the model, the HRU 

(hydrological response unit) is created based on unique combinations of Land 

use, soil and elevation conditions, and this HRU provides crucial information for 

quantifying rainfall-runoff related simulation processes ( Figure 2.8).  
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 Figure 2.8 Showing the HWSD database soil unit distribution in the Eamont river 
catchment. 

 

 Precipitation 

The Eamont river flows through the wettest part of the U.K. (Barker et al., 2004; 

Whyte, 2009). The Atlantic Ocean’s air circulation pattern creates westerly wind 

force, which drives moistures and raises it at an elevation to get condensed and 

forms rainfall and strongly influences the study area's climate (Hurrell, 1995; 

Hurrell and Van Loon, 1997). The high mountains of the Lake District then 

favour orographic rainfall (Dore et al., 1992; Malby et al., 2007). Furthermore, 

a high amount of rainfall is reported for the northwest U.K. region.  Figure 2.9 

shows a high annual average rainfall in the mountainous southwest part of the 

Eamont catchment. As a result, the headwater zone of Eamont and the tributary 

river Lowther are receiving the highest rainfall.  
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 Figure 2.9 Spatial distribution of annual average rainfall in the Eamont river 
catchment at the 1km grid resolution - 1961 -1990 (UKCEH, 2019). 

 

Precipitation events have significant control over the water balance and 

catchment hydrology. Therefore, it is recommended that the precipitation data 

of high spatial-temporal accuracy should be adopted. Previous studies have 

demonstrated that the gridded data produces better hydrological simulation 

results when compared with conventional ground-based weather gauge station 

datasets in a hydrological model (Fuka et al., 2014; Grusson et al., 2017a). The 

selection of gridded data becomes crucial because the selected hydrological 

model assigns rainfall station data point for each sub-catchment at the time of 

hydrological simulation (Dile and Srinivasan, 2014). Hence, the ‘Centre of 

Ecology and Hydrology's Gridded Estimates’ of areal rainfall (Tanguy et al., 

2016), which have a temporal resolution of daily precipitation and spatial 

resolution of 1km x 1km, is preferred (data availability at the time of model 

simulation was 1890-2015, which is now updated for beyond 2015) (Keller et 

al., 2015; Tanguy et al., 2016). This precipitation dataset is a natural neighbour 

interpolation output of in-situ observation to a regular grid. These synthesised 

gridded rainfall estimates are derived from the Met Office national database. 

The gridded rainfall is extracted in MATLAB (NetCDF to text files) (Ficklin and 
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Barnhart, 2014b). The original code is modified and updated for other weather 

parameters extraction, including precipitation (Ficklin, 2018; Pipil, 2018).  

In the current study, hydrological simulation is performed for 50 years daily 

frequency between 1966 and 2015. However, the precipitation data before the 

1960s is discarded since the Haweswater aqueduct and a major inter-basin 

transfer scheme became operational in the mid-60s. In addition to that, the 

Eamont river catchment’s outlet at Udford gauging station only started 

collecting daily flow data in January 1960. Therefore, hydrological simulation 

for the Eamont river catchment cannot be calibrated before 1960.  

 

 Figure 2.10 Gridded precipitation extracted for SWAT model input as point vector 
at 1km x 1km spatial resolution. 

 

 Temperature 

The temperature parameter can broadly modify physical, chemical, and 

biological processes at the catchment scale. It significantly influences river 

catchment hydrology since the temperature can change transpiration rate by 

controlling humidity in the atmosphere, melting snow cover, and soil surface 

temperature. Hence, the inclusion of measured temperature can improve the 
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model results, and therefore it is highly recommended to include observed 

temperature records (Koczot et al., 2011; Remesan and Holman, 2015; Naseer 

et al., 2019). 

In the Eamont catchment, the temperature dataset is accessed from the Centre 

for Environmental data analysis dataset named "HadUK-Grid Gridded Climate 

Observations on a 12 km grid” for the year between 1862 and 2015 (in recent 

time data is available beyond 2015) (Hollis et al., 2019). The dataset represents 

maximum, minimum air temperature recorded at 1.5m height above ground. 

The dataset was produced by interpolating the irregular distribution of weather 

observation stations. The interpolation uses Inverse distance weighting (IDW), 

and it is performed on the irregularly distributed gauging station to create 

uniform coverage for the U.K. Based on mentioned recommendations and data 

properties, the daily temperature minimum and maximum values are provided 

as gridded data to the SWAT model (in degree centigrade units).  

2.4 Weather generator simulated weather parameters 

A weather generator is meant to synthesise missing weather records based on 

long term observed weather stats (Williams et al., 1984; Sharpley and Williams, 

1990), and it is an integrated functionality in the SWAT model. The Newton Rigg 

weather station (station id- 1073) falls within the Eamont river catchment at 

54.67N, -2.78W at an elevation of 169m in the extreme northwest location 

within the Eamont river catchment. One weather station is located near Wet 

Sleddale Reservoir (UKCEH, 2018). However, it is not registered on the U.K. 

Met- Office website. These two weather stations do not reflect the spatial 

variability for weather parameters. However, Newton Rigg is an observed 

weather station site that serves as the primary station for deriving weather data 

statistics, which is required to simulate other climatic parameters in a weather 

generator tool. The weather generator requires 20 years of climate records 

prepared for WGN inside a climate statistics calculation tool named 'WGN 

parameters estimation tool' (Essenfelder, 2016; Neitsch et al., 2011, pp. 65–

87). The hydrological model's weather generator database updated with the 

statistics is calculated from Newton Rigg’s observed weather dataset.  
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 Relative humidity 

The relative humidity serves as an input for potential evapotranspiration 

estimation and is routinely required by evapotranspiration equations (e.g., 

Penman-Monteith or Priestley-Taylor equations). These models require relative 

humidity at the daily frequency for each sub-catchment. Hence daily relative 

humidity values are simulated from the ‘Centre for Environment Data Analysis 

dataset MIDAS: UK’s hourly weather observation data that has provided dew 

point temperature for the Newton Rigg weather station (Met Office, 2006). 

Furthermore, dew point temperature is converted to the monthly relative 

humidity in weather generator by the following equations (Neitsch et al., 2011, 

pp. 81–82): 

 𝑅ℎ𝑚𝑜𝑛 =
𝑒𝑚𝑜𝑛

𝑒𝑚𝑜𝑛
𝑜  2.2 

In equation 2.2, 𝑅ℎ𝑚𝑜𝑛 is average relative humidity, 𝑒𝑚𝑜𝑛 is actual vapour 

pressure and 𝑒𝑚𝑜𝑛
𝑜  saturation vapour pressure. 

Additionally, the actual vapour pressure is present in the atmosphere at the dew 

point temperature is equal to saturation vapour pressure. The following 

equation calculates the actual vapour pressure:  

 
𝑒𝑚𝑜𝑛 = 𝑒𝑥𝑝 [

16.78 ∗ µ𝑑𝑒𝑤𝑚𝑜𝑛  − 116.9

µ𝑑𝑒𝑤𝑚𝑜𝑛 +  237.3
] 

2.3 

The saturated vapour pressure is related to monthly air temperature and 

calculated by the following equation: 

 
𝑒𝑚𝑜𝑛

𝑜 = 𝑒𝑥𝑝 [
16.78 ∗ µ𝑚𝑝𝑚𝑜𝑛  − 116.9

µ𝑚𝑝𝑚𝑜𝑛 +  237.3
] 

2.4 

In equation 2.3 and 2.4, µ𝑑𝑒𝑤𝑚𝑜𝑛 is monthly dew point temperature, and 

µ𝑚𝑝𝑚𝑜𝑛 mean air temperature for the month. 

With equations 2.3 & 2.4, dew point temperature data is converted to relative 

humidity. The daily relative humidity is simulated based on monthly average 

dew temperature values provided to the weather generator an application called 

"WGN Parameters Estimation Tool" (Essenfelder, 2016). As earlier mentioned, 

a single ground observation station would not represent the spatial weather 

variability in the river catchment. Therefore, the weather generator simulates 

https://swat.tamu.edu/media/116061/swat-weatherdatabase-v01803.7z
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daily relative humidity for all sub-catchments with a continuity equation that 

uses dry and wet conditions for the month based on the triangular distribution 

(Neitsch et al., 2011, p. 83).  

 Wind velocity 

The airflow over the plants or tree canopy can change the rate of transpiration. 

Accordingly, the wind speed variable plays a vital role since high wind speed 

can change the humidity produced by the plant and compensate that plant or 

tree will transpire more. The wind speed information is also a crucial input for 

the Penman-Monteith equation for calculating potential evapotranspiration. 

In the Eamont catchment study area, the wind speed variable is selected from 

the ‘Climate hydrology and ecology research support system (CHESS)' 

meteorology dataset for Great Britain (Robinson et al., 2016). The input wind 

speed data has a 1km x 1km grid resolution. A proximate grided point data has 

been used to update the Newton Rigg and stats calculated within the WGN 

parameter estimation tool.  

 Solar radiation 

Incoming solar radiation to the earth's surface is the primary energy source to 

the atmosphere, and it controls the local temperature, soil surface temperature, 

and snow melting processes. The inclusion of measured solar radiation records 

can also improve the radiation-induced catchment scale sub-processes in the 

model. The hydrological model takes solar radiation as one of the weather 

variables. 

In the Eamont river catchment, the downwelling solar radiation (W m-2) at 1km 

x 1km resolution gridded dataset is selected and accessed from ‘Climate 

Hydrology and Ecology research Support System: CHESS’ (Robinson et al., 

2017). The solar radiation data is supplied with unit watt per m2 (W m-2), 

although the selected hydrological model accepts solar radiation in the unit 

megajoule per square metre per day (M.J. m-2 day-1). Therefore a conversion 

factor (0.0864) has been applied to the whole solar radiation records (FAO, 

2019). The solar radiation variable dataset is available between 1961 and 2015, 

and average monthly solar radiation values were extracted from solar radiation 

data to update the weather generator (Robinson et al., 2017).  
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2.5 River hydro-geomorphological data 

River's hydro-geomorphological state and its abstracted information provide 

crucial input for modelling algorithm and physical process related equations. 

For instance, reach length, slope, the river width and in-stream & overland 

roughness are expressed as manning's "n" value (Arcement and Schneider, 

1989). This information has been provided in the two modelling tools selected 

for addressing the thesis objectives. The river’s geomorphological information 

is processed and extracted from a digital elevation model (DEM) in a model. To 

enhance and avoid any accidental errors that are included in the model due to 

DEM inaccuracy and resolution limitations. The river's physical characteristics 

are verified with Google Earth imagery and GPS field data. Conspicuously, the 

network has remained identical for both models. Thus, catchments boundary 

conditions are maintained identical regarding the river's physical 

characteristics. 

At the catchment scale, the discharge response is attenuated by reservoir and 

dam operation, an open Lake and ponds. Therefore, pond and reservoir 

characteristics related to storage, overflow value or emergency spillway 

information are added to the model. Groundwater plays a vital role in catchment 

hydrology, particularly in summer. Hence, aquifer characteristics and 

groundwater table are prerequisites at the stage of model parametrisation.  

However, regardless of how familiar and experienced a modeller is, the 

catchment environment's physical process parameter and availability cannot be 

ensured for every single parameter considered in the model. Sometimes, the 

different agencies capture the data and measurements with various sensitivity 

range types of equipment. In other words, a physical process is monitored with 

two different sets of equipment, and an operator may get two different 

responses, which may not be identical. It is challenging to parametrise a highly 

parameterized model with every single parameter considered in the model. 

Practically, it is rare for a modeller to get all parameters considered in the 

model. Thus, the model's efficiency for predicting the actual hydrological 

response is often achieved with model calibration, and it can significantly 

reduce the model's uncertainty.  
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The water release data for Ullswater water, an open lake and Haweswater 

dam’s daily gauge information is used for parametrising the model. The 

inclusion of controlled water release data has a fair influence in predicting a 

river catchment's hydrological response. Moreover, the Eamont river 

catchment’s outlet location at the Udford gauge station is an observed 

hydrograph, and it has been used for the hydrological model's calibration and 

validation process  Figure 2.11 (details of calibration is provided in 4.6).  

 

 Figure 2.11 Gauge locations of open Lake and dams and Eamont River catchment's 
outlet. 

 

2.6 Barrier locations and Trap efficiency input data  

Since dam removal is a civil engineering activity, whether dam construction or 

dam removal, the river’s response to dam removal on river geomorphic 

transformation is a progressive development process. It takes years to adapt to 

the new disequilibrium condition projected after the dam removal activity. 

Moreover, modelling is a preferred selection to solve such scientific problems. 

Nevertheless, model selection is based on its modelling structure and ability to 
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address scientific objectives. However, model parametrisation is equally 

valuable.  

 Weir & Dam location data 

The Eamont river catchment has barely 396.2 Km2, that consist of 22 dams and 

weirs, out of which 20 represent small weir structures,  Figure 2.12. The 

location of the weirs is verified with the AMBER atlas. The AMBER atlas has 

also provided crucial information regarding their primary structure data 

(AMBER Consortium, 2020).  

 

 Figure 2.12 Dam and weir location on the Eamont river catchment. 
 

One of the crucial inputs essential for estimating dam and weir’s impact on river 

geomorphic conditions is trap efficiency. Since trap efficiency guides to the 

modeller for a dam or weir’s impact on upstream rivers through trapped 

incoming sediments and consequent changes in the downstream river. 

For this reason, it is recommended to estimate sediment trap efficiency (TE) 

and parametrise the model. Conversely, a model that lacks TE definition would 

represent a river network resembling pristine riverine conditions. Thus, TE 
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information is essential for the model’s parametrisation and dam removal 

scenario development in the selected modelling environment. 

 Estimation of Sediment trap efficiency for Weirs and Dams 

The volume of sediment trapped by a dam or weir structure is measured as 

sediment trap efficiency (equation 2.5).  

 
𝑇𝐸 =

𝑆𝑖𝑛𝑓𝑙𝑜𝑤 − 𝑆𝑜𝑢𝑡𝑓𝑙𝑜𝑤

𝑆𝑖𝑛𝑓𝑙𝑜𝑤
=

𝑆𝑠𝑒𝑡𝑡𝑙𝑒𝑑

𝑆𝑖𝑛𝑓𝑙𝑜𝑤
 

2.5  

Where 𝑆𝑖𝑛𝑓𝑙𝑜𝑤 is sediment delivery, 𝑆𝑜𝑢𝑡𝑓𝑙𝑜𝑤 outflowing sediment from the 

reservoir, and 𝑆𝑠𝑒𝑡𝑡𝑙𝑒𝑑 is the volume of sediments deposited in a reservoir. 

However, a dam or weir's sediment trap efficiency is influenced by many factors 

(discharge, reservoir, and incoming sediment characteristics), Figure 2.13.  

 

Figure 2.13 Factors impacting sediment trap efficiency of reservoirs or ponds 
(Verstraeten and Poesen, 2000). 

 

However, data requirements regarding equation 2.5 are necessary to develop 

empirical relations and validate the theoretical models. Still, the required data 

is rarely available. Moreover, Brown (1943) and Brune (1953) presented two 

empirical methods for estimating sediment trap efficiency. Sediment trap 

efficiency method had been developed based on reservoir storage capacity 𝐶 

and catchment area 𝑊 ratio and 𝐶/𝑊 ratio parameters expressed in the unit; 

m3/Km2, Brown (1943). Another method is based on capacity 𝐶  – annual inflow 
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𝐼 ratio, which has both 𝐶/𝐼 parameters expressed in the same unit; m3 / m3) 

Brune (1953).  

Equation 2.6 explained Brown's method based on the capacity – watershed 

area ratio and suggested a curve that indicates the relationship between trap 

efficiency and 𝐶/𝑊 ratio, which is developed from the data extracted for 15 

reservoirs, Figure 2.14. The value of 𝐷 ranges between 0.046 and 1, and mean 

value 0.1 (depends on characteristics of the reservoir) (Verstraeten and 

Poesen, 2000).  

 𝑇𝐸 = 100 − (1 −
1

1+0.0021 𝐷 
𝐶

𝑊

)    2.6 

 

 

Figure 2.14 Trap efficiency related to capacity/watershed ratio - ( 𝑪/𝑾), Source: 
(Brown, 1943). 
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Figure 2.15 Sediment trap efficiency related to the capacity / annual inflow ratio - 
𝑪/𝑰 (Brune, 1953). 

 

Brune (1953) had suggested that reservoirs with a similar 𝐶/𝑊 ratio can have 

different TE's based on catchment’s hydrological response and consequent 

runoff volume (Figure 2.15, runoff volume factor). However, a dam or weir 

sediment trap efficiency is not a fixed value, and it changes with time (years of 

cumulative deposited sediment reduces initial storage capacity). Heinemarm 

(1981) had proposed new relation for the estimation of sediment trap efficiency 

for small agricultural ponds based on 𝐶/𝐼 ratio and predicted that trap efficiency 

was lower than TE defined by Brune (1953).  

In another study, Butcher et al. (1992) observed inflowing and outflowing 

sediment for two reservoirs in the southern Pennines (U.K.). They had 

estimated the TE for two reservoirs and evaluated TE predicted by Brown 

(1943), Brune (1953), Churchill (1948) and Heinemarm (1981) methods. The 

comparison with TE has resulted in a slight difference among other TE 

measurement methods. Based on the comparative findings of Butcher et al. 

(1992), they had stated that sediment trap efficiency predicted by Brown's 

method is the most suitable. Their statement was founded on the fact that the 

reservoirs had a similar hydrologic state as Brown used in his study. However, 

Brown's sediment trap efficiency method is the simplest among the other 
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empirical and theoretical methods. It is recommended to employ Brown’s 

method of TE for small areas with requisite 𝐷 factor estimation for the local area 

(equation 2.6).  

Contrary to empirical models, sediment trap efficiency estimation with 

theoretical models is based on water particle sedimentation. Additionally, 

theoretical models require hydrodynamic conditions that define the quiescent 

or turbulent flow and whether steady (Camp, 1946) or variable discharge 

conditions (Ward et al., 1977; Haan et al., 1994). However, the theoretical 

models' requirements are high, including a sedigraph, compared to empirical 

models. Moreover, theoretical models for TE prediction are recommended over 

empirical models (Verstraeten and Poesen, 2000). Contrary to that, the 

implementation of theoretical models has significant constraints due to a lack 

of required information. Besides hydrodynamic information, discharge 

fluctuation measurement for a small structure is not straightforward for data-

poor regions.  

Furthermore, weirs vary in size and consequent discharge, leaving a weir 

structure that varies significantly. The discharge measurement for rectangular 

weir is measured with the following equation (Haan et al., 1994).  

 
𝑄 = 𝐶𝐿𝐻

3
2 

2.7 

In equation 2.7, 𝑄 is discharge, 𝐶 is weir coefficient, 𝐿 is weir length and 𝐻 weir 

head. Where 𝐻 is the difference between the lowest point of the weir crest and 

water surface or hydraulic head, including velocity head, this information is 

often unreported, and therefore discharge estimation is complicated. Although 

discharge equations vary based on weir structure, the v-notch weir discharge 

equation is based on the angle of the notch (Bentley, 2019; Haan et al., 1994, 

p. 147). Thus, sediment trap efficiency is measured with Brown's model for the 

Eamont river catchment, and catchment-wide weir and dams sediment trap 

efficiency is presented in Table 6.1. 

Summary: 

The Eamont river is a glacially carved valley in the northwest wettest part of the 

country. Thus, the landscape gives rise to many open and closed lakes. The 
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river catchment shows characteristics of a gravel-bed river. However, the river 

course is obstructed by two major dams and 20 weirs of various sizes. In 

addition to that, there is an inter-basin water transfer scheme. Hence, the 

Eamont catchment’s hydrological response is influenced by dam structures and 

controlled water release in the downstream river. The current chapter has 

described the dataset required for the parametrisation of models, for example, 

DEM, land use, soil, climate data (simulated & observed), gauge data, and 

other non-spatial data to abstract the river catchment processes and their 

representation in the modelling environment. Finally, a river network-wide 

dataset is utilised for the model’s parametrisation. Though, sediment amount 

stored or trapped because of the river barriers and dams is measured with 

sediment trap efficiency empirical model (lack of past sediment information 

restricted theoretical models). In conclusion, this chapter summarised the data 

requirement fulfilled with various sources to make model parametrisation. It 

ensured the seamless data exchange between the hydrological and sediment 

transport model at the river network scale, which has ultimately paved the way 

to resolve the solution for the thesis objectives.
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Chapter 3: Fluvial Morphotypes and Grain Sizes: 

assessment and modelling implications.  
 

3.1 River morphotypes  

An excerpt of classifying river reaches into distinct morphotypes is discussed; the 

key is grain size distribution and water depth relationship in a given reach section. 

The theoretical relationship of grain size, channel depth and width are depicted in 

Figure 3.1. the schematic diagram depicts the river properties and their mutual 

relations. The resulting river morphologies are based on available sediment load 

(Qs) and transport capacity (Qc) in a river zone.  

 

 

 

 

 

 

 

 

 

In broad terms, zones 1,2 

& 3 represents sediment 

sources, transfer and 

deposition zones, 

respectively (based on the 

concept of (Schumm, 

1977) 

Figure 3.1 Schematic diagram of the variation in channel properties within a river 
catchment (Robert, 2003). 

 

Given that grain size is a fundamental parameter for sediment transport equations, 

classifying a river network based on morphotype and their respective median grain 
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size values (D50) can significantly improve modelling results. The grain size 

information in a river network reach, especially at the headwater region, is of prime 

importance because source reach provides sediment load and intermittent high-

velocity discharge to the river, depending on the gradient, substrate, and channel 

form since erosive processes dominate the headwater region (Naiman et al., 

2005). 

The morphotype classification process uses remote sensing methods to classify a 

river based on hydro morphological characterisation at a network scale 

(Carbonneau and Piégay, 2012; Bizzi et al., 2016). Piegay et al. (2009) and 

Liébault (2003) had adopted the river morphotype classification for a braided river 

in the southeast part of France. They studied the geomorphology of a braided river 

and classified it into different morphotypes, which are characterised by respective 

D50 grain size information. In the case of the Eamont river, the morphological and 

mean particle size characteristics were identified on satellite and drone images, 

respectively, according to processed-based river classification (Brussock et al., 

1985; Whiting and Bradley, 1993; Gordon et al., 2004). The classification process 

is followed based on Liébault (2003) river morphotypes; he had identified the 

following four significant morphotypes, ordered by finer GSD to coarse;  

 

• A - riverbed with gravel river bars, 

• B – riverbed with gravel flat bottom, 

• C – riverbed with coarse flat bottom, 

• D – riverbed with rocky bottom, (Figure 3.2). 
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Figure 3.2 Schematic diagrams of different morphological types observed in 
drômoises mountains, illustrating an adjustment-based continuum balance 
sedimentary supply/transport capacity (Liébault, 2003). 

 

The morphotype D is characterised by the high density of boulders at the bottom 

of the riverbed (particles have a diameter greater than 256mm). The river bottom 

marked by substantial irregularities suggests high hydraulic roughness and few 

pockets of gravel size grain either sheltered upstream of the river or downstream 

parts of the river. This morphotype is prevalent for the river section, which flows 

through gorges and often offers a low supply of sediments to the river network at 

low discharge conditions.   
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Morphotype C shows a coarse flat-bottomed riverbed, with fewer boulders 

emerging from the stream bed. The Riverbed bottom is composed of coarse gravel 

and stony filling. The width of the bed is always less than 20 meters.     

Morphotype B shows flat bottom beds and the absence of boulder blocks on the 

river floor. This section is characterised by the absence of a large sedimentary 

form of storage. Morphological roughness is low, which indicate the low flow 

condition. The width of the current morphotype remains less than 20 meters. 

Morphotype A has the main characteristic, in which beds rocky layer lies in 

conjunction with alluvial deposits (In Eamont river, gravels are dominant). These 

have a significant amount of deposition compared to previously mentioned 

morphotypes. The width of the reach can vary between 30 and 40 meters. Grain 

size distribution is homogeneous and occupied by gravels size sediments and 

often accumulated as patchy deposits.    

Liébault (2003) described the D90, D50, D10 and D90/d values distribution in the 

different morphotypes, where d is the river's depth. The median grain size varies 

from morphotype A to D. However, the identification process of each morphotype 

on a river network based on particle size distribution is not straightforward 

compared to other morphometric variables. They analysed the grain size variable 

and found that the grain-size interquartile range threshold improved the 

morphotype classification process (Table 3.1). Thus, based on grain size 

interquartile threshold range, they found the following condition that discriminates 

one morphotype to another morphotype, and they are as follows: 

a. When the value of D50 is beyond 60mm, it indicates that a probability of 

belonging to the morphotype C or D is highly likely.  

b. If the value of D90 is higher than 140mm, then the possibility to classify the 

morphotype C or D is higher.  

c. Lastly, if the D10 measured value is lower than 20mm, it suggests 

belongingness to morphotype A or B. 

The variable relative roughness of the bed (D90/d) significantly increases for the 

morphotype A to D. This is an indicator of energy decay of the transporting flow. 

Liébault (2003) presented the grain size analysis for D90, D50 and D10. The 
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interquartile range is presented in Table 3.1; a study on the Vjosa River basin had 

adopted these interquartile values to identify Morphotypes (Tangi, 2018).   

 

D50 (mm)  

Morphotype Average Standard 

Deviation 
Minimum Maximum Interquartile range 

A 35.68 11.17 19.44 61.32 27.78; 40.87 

B 43.76 13.99 20.91 72.84 33.06; 52.17 

C 66.37 26.03 32.00 128.00 44.57; 79.43 

D 84.35 23.05 47.12 132.61 63.29; 100.99 

 

D90 (mm)  

Morphotype Average Standard 

Deviation 
Minimum Maximum Interquartile range 

A 94.83 38.49 40.71 184.77 63.12; 117.05 

B 125.50 36.07 44.37 183.52 103.16; 146.49 

C 206.65 83.42 85.21 384.00 135.15; 256.00 

D 264.37 119.84 123.31 724.08 187.67; 298.68 

 

D10 (mm)      

Morphotype Average Standard 

Deviation 
Minimum Maximum Interquartile range 

A 14.83 3.83 9.32 26.57 11.96; 17.00 

B 15.20 3.89 9.86 22.19 11.74; 18.21 

C 24.08 12.86 11.23 64.00 14.69; 32.11 

D 25.41 9.68 11.31 43.43 18.22; 33.71 

Table 3.1 Key size characteristics of Morphotypes (Liébault, 2003).  
 

Morphotype A and D are distinctly different, while B and C are slightly differentiated 

as intermediate. 

 Classification of morphotypes in the Eamont catchment  

The Eamont river is primarily a gravel-bed river. It originates in a glacial valley that 

is dominated by igneous and metamorphic bedrocks. The headwater section 

shows the presence of boulders and shallow water conditions similar to 

morphotype D. The low-lying area of the catchment depicts river conditions like 

morphotype A. Eamont catchment has distinct lake and pool existence. Moreover, 

the river flows through these deposition environments, disrupting the continuity of 

sediment refinement. Although, many tributaries also disrupt sediment size-

refinement process because of varying grain size contributed at the confluence 

(Robert, 2003; Knighton, 2014). A few big dams or weirs are located in the 
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catchment, and they disturb the natural sediment refinement in context to the river 

continuum concept.  

The Eamont river is classified into four distinct river morphotypes A - D. This is 

performed following depth, width, gradient, and mean sediment size information 

derived through photo-granulometry (discussed in section 3.4) performed at the 

reach scale. First, the identification process is based on google satellite images 

for river width and roughness measurement (Arcement and Schneider, 1989). 

Second, depth and gradient information were extracted from SWAT simulation 

software and 5m DTM data (Bluesky, 2014).  

 

Figure 3.3 Eamont and its tributary river Lowther elevation profile. 
 

Finally, river morphotype classification of headstream reaches were performed 

with respective depth, width, gradient, and median grain size information. 

In the current study, it is essential to get grain size information for each reach 

because of the parametrization requirement of the CASCADE model. The Eamont 

and Lowther River network and their elevation profiles were analysed in Figure 

3.3, and respective reach roughness factors were interpreted on google satellite 

and drone imagery, including other river parameters.  

The interpolated grain fraction (D16, D50 and D84) values and their spatial 

distribution depicted on the Eamont river network (displayed in the CASCADE 

model environment ( Figure 3.17), which is achieved with piecemeal linear 
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interpolation of photo-granulometric data between two nearest observations). The 

Eamont river network is fully parametrised, and morphological and topological 

attributes are presented in Appendix B. 

3.2 Morphotypes associated with grain sizes 

First, data is plotted for the sub-catchment area and river width information for 

validating divided river reach (satellite-based river morphological 

characterisation). Figure 3.4 shows the correlation between sub-catchment 

areas and the river width, and it supports reach division performed other than 

natural tributaries such as weir location and river geomorphology. Second, the 

median grain size (D50) is plotted against the sub-catchments area of the Eamont 

river, and it has illustrated a fair correlation among the two, Figure 3.5.  

 

Figure 3.4 Reach width and sub-catchment area correlation for Eamont river 
catchment. 
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Figure 3.5 Median grain size (D50) measured on drone images and Eamont river 
sub-catchment area correlation. 

 

The river reaches width and discharge relation progressively change in the 

downstream direction (Wolman and Brush, 1961), and change in the river width 

can influence the sediment flux leaving a river section under a variety of discharge 

conditions (Cook et al., 2017). Therefore, dividing the river into distinct 

morphological characteristics and respective grain distribution may significantly 

improve the sediment flux assessment. In a data-poor river catchment like the 

Eamont river, the Morphotype classification adoption becomes essential to 

develop the GSD at the river network scale. 

 Catchment-scale patterns 

The grain size heterogeneity at the river catchment scale is established with grain 

size measurement (section 3.4.1) and river morphotype selection. The 

interpolated grain size result depicts a general trend that shows progressive 

refinement in the downstream direction, and at the few tributary confluence, the 

grain size varies abruptly, as evident in previous studies in the European region 

(Škarpich et al., 2019). Especially for grain size fractions D50 and D84, it can be 

attributed to the fact that relatively bigger grain size would sink in the Ullswater 

lake depositional environment; therefore, it leaves the downstream river with a 

relatively dominant fraction of fine sediments. The presence of fine sediments is 

verified with the drone image analysis located at the Pooley Bridge (2°49'6.97"W, 
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54°37'1.88"N, station id 76015 - national river flow archive, U.K.), and at this site, 

grain size is finer than all the sample collected in the Eamont river headwater 

region (or Ullswater Lake’s tributary catchments).  Figure 3.17 depicts grain size 

fraction information which is established by linear interpolation; however, it cannot 

be treated as a replacement for actual sampling information. 

 Measurements of grain size  

The grain size information is established by transforming low altitude hyperspatial 

images into orthorectified and scaled images, which are further processed for the 

grain size object detection to filter out individual grain (Detert and Weitbrecht, 

2013). The grain data is generated digitally through a line sampling method 

proposed by Fehr (1987). The subsurface grain size fraction developed with the 

fuller curve estimation, Figure 3.12 & Figure 3.13. The detailed processing of 

orthorectification and object detection of gravel data development is explained in 

sections 3.5 and 3.6.  

 Measurement of bed-load transport 

The difficulties in bedload transport measurement are linked to shear stress 

diversity across the river reach, which is not directly measured. Given transport 

rate dependence on grain size as defined for each reach, an inappropriate grain 

size assignment to transport formulae will lead to the wrong transport rate 

measurement. However, sediment is supplied through the riverbed and from the 

connected headwater region. Therefore, catchment-scale sediment supply and 

transport rate provide a means to evaluate the results (Wilcock et al., 2009). For 

direct bedload transport measurements, bulk samples are needed. However, it is 

difficult to collect such samples at the catchment scale (Kondolf and Piégay, 

2003), and it is crucial to scrutinize the morphological characteristics of the river 

because river network can have a depositional environment that can ultimately 

impact catchment sediment flux or yield at the river outlet (Joyce et al., 2018, 

2020). The mentioned limitations in bedload transport measurement are 

addressed in the CASCADE (Chapter 5:) tool that works on sediment connectivity 

fractional transport rate and models the hydro-morphological impacts for the 

sediment flux simulations. However, the model simulation is validated with an 

empirical relation because the catchment lacks sediment records.  
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3.3 Role of grain size in CASCADE 

Sediment transport modelling provides insight regarding river dynamics, which 

helps immensely in river management and water resource exploitation planning 

(Kondolf et al., 2014a). However, bed-load sediment transport is complex, and 

accurate assessments remain difficult. There are bed-load transport equations 

and models; empirical (Du Boys, 1879), statistical (Einstein, 1942, 1950), mass-

balance (Parker et al., 2000; Charru et al., 2004; Ancey et al., 2008), and 

lagrangian and particle dynamics (Heyman et al., 2016; Czuba, 2018). (Ancey, 

2020a) has compared the various bed-load transport equation, models and he has 

enlisted reasons why bed-load transport prediction is complex: spatial-temporal 

variations due to flow dynamics, interaction of cascade processes, heterogeneity 

in bed material and flow conditions, poor knowledge of boundary condition, scale 

effects between field condition and laboratory, hysteresis.  

In the CASCADE model (discussed in chapter 5), the riverbed grain size 

information plays a crucial role because the model estimates the available 

transport capacity in a river reach and redistribute the transport capacity among 

the sub-cascades. Each reach has 18 sub-cascades; thus, each river reach can 

have 18-grain classes mentioned in Krumbein (Φ) scale. The calculated 

transported capacity for river reach is redistributed among the sediment sub-

cascades active within the same reach. The redistribution of the transport capacity 

is portioned with Wu – Molinas fractional transport rate computation (Molinas and 

Wu, 2000; Wu et al., 2003). Fractional transport rate enables the model to process 

different sub-cascades and their downstream direction journey, conditioned by 

transport capacity enough for the entrainment and transport of specific grain size. 

On the other hand, if transport capacity in the reach is not enough for grain specific 

sub-cascade, then sediment flux gets deposited. Therefore, entrainment, 

transport, and deposition of a sediment load originating at the river sources are 

tracked for their respective sink. It becomes crucial information of sediment flux 

movement and reveals sediment connectivity and dis-connectivity. In conclusion, 

excessive erosion and deposition of sediment flux can provide insight into possible 

river morphological transformation sites. However, assigning the wrong grain size 

to the source reach and remaining reach can change the resulting sediment flux 
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under identical hydrologic, hydraulics, and river morphological boundary 

conditions. Although grain size distribution data is accessed with photo-

granulometric technique, in the case of the Eamont river itself, it sets boundary 

conditions to a near-real grain size distribution but not the actual conditions.  

3.4 Measurement of grains in the Eamont    

The non-linear riverine behaviour of sediments has been established with flume, 

tracer, and sensor-based studies (Carré et al., 2007; Koiter et al., 2013; 

Houbrechts et al., 2015; Brambilla et al., 2018). Recent advancements have 

adopted sediment transport modelling and fractional transport formulae. In 

sediment transport studies, fractional sediment transport formulations are gaining 

credibility, and they are advocated in sediment transport modelling at the river 

network scale (Wilcock et al., 2001; Wilcock and Kenworthy, 2002; Wilcock and 

Crowe, 2003; Schmitt et al., 2018; Czuba, 2018; Tangi et al., 2019). It is crucial to 

obtain high-quality grain size distribution and hydraulics data to assess fractional 

sediment transport (Recking, 2016) because fractional sediment transport 

measurements are essential for river morpho-dynamics studies. However, the 

grain fraction data availability cannot ensure sediment transport estimates of 

practical accuracy (Wilcock et al., 2009).  

At the regional scale, the grain size distribution in the river network reflects 

variations in available transport capacity in the reach section (Carey, 1985; 

Hubbell, 1987). Because processes such as sediment entrainment, deposition 

and transportation at reach scale are susceptible to hydrodynamic discharge and 

sediment types (Pitlick and Wilcock, 2001). A study has also revealed that the 

changes in bed-load grain size and its transport rate provide a better insight into 

downstream variations in distributed gain size and advanced textural composition 

(Shih and Komar, 1990a). In general, sediments get better sorted in the direction 

of sediment transfer (McLaren and Bowles, 1985; Rice and Church, 1998). The 

refinement in the size of sediment deposits attributed to grain specific sediment 

sorting (Ashworth and Ferguson, 1989; Lisle, 1995; Ferguson et al., 1996) has 

been verified in flume experiments (Paola et al., 1992).  

Grain size-related parameters are correlated with the transport rate (Cudden and 

Hoey, 2003). Thus, in numerical modelling, distributed grain size information 
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would play an important role to predict sediment flux and yield. Grain size 

information at the river network and its predictive transported flux simulation can 

help formulate a sustainable river management plan (Clarke et al., 2003; Škarpich 

et al., 2019). 

In order to enhance the weir removal study (present case), this section addresses 

the methodology of GSD (grain size distribution) information generation with a 

consumer-grade drone. The collected information serves as boundary condition 

data for improving model performance in the data-poor region (Eamont River 

catchment). In a montane river catchment like the Eamont, which has open lakes 

(depositional environment), their presence can abruptly impact sediment size on 

the river network scale.  

The secondary objective is to develop GSD data at the network scale with sampled 

grain size data and assign GSD information to the unsampled river reach based 

on morphological similarities (morphotypes) with the sampled reach. Each reach 

at the river network will get grain size fraction data. The enhanced grain size 

information will help determine a better river cascading process within the 

CASCADE model. It is suggested that the geomorphological studies at the 

catchment scale would become more reliable if related studies include transport 

rate calculation at the local scale (Wilcock, 2001). Thus, an improvement in 

sediment transport flux information would be expected when a fractional transport 

rate formula is employed in a sediment transport model.  

The distinct river morphologies emerge from a complex set of processes working 

on various parts of the river. At the reach scale, river morphology develops based 

on connected sediment source links, sediment transport capacities at a local 

scale, instream & riparian vegetation, and distribution of woody debris also 

impacts the flow conditions. Based on mountainous river catchment observations, 

river reach morphology shows a distinct slope, grain size, channel roughness 

pattern (Recking et al., 2016). Shear stress parameters have shown consistency 

to the channel roughness related to sediment supply and transport capacity at 

reach scale (Hey and Thorne, 1986; Montgomery and Buffington, 1997). Although 

discharge has a dominant role in carving out distinct river morphology, median 

grain size has the highest correlation with discharge (Hey and Thorne, 1986). The 

grain roughness is a dominant element indicator for flow resistance in a gravel-
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bed river. The change in flow resistance depicts the variation in flow geometry 

between riffle and pool, local variation inflow condition, and the roughness of 

surface bed material (Hey, 1988, 1979). 

In order to initialise the sediment movement, the amount of critical shear stress is 

exceeded by the flowing water for each sediment grain size (Shields, 1936a, 

1936b).  

 𝜏∗  =  𝜏/𝑔(𝜌𝑠 − 𝜌)𝐷 3.1 

   

The equation (3.1), 𝜏∗ is non-dimensional stress, and  𝑔  gravitational force,  𝜌𝑠 

and 𝜌  are sediment and water densities, respectively,  is the diameter of grain 

that is being mobilised.  

In a steady uniform flow condition, shear stress is a function of stream depth and 

gradient of the stream. Equation (3.2),  is the flow depth and  is the energy 

gradient of the stream.  

  𝜏 =  𝜌𝑔𝑑𝑆 3.2 

The grain movement initiated when  bed shear stress value exceeds the critical 

stress .   

 𝑞𝑏  =  𝑘(𝜏 − 𝜏𝑐)𝑛 3.3 

In equation (3.3), 𝑞𝑏 is the transport capacity in a channel where sediment supply 

is unlimited, 𝑘  and 𝑛    are empirical values (Du Boys, 1879; O’Brien and Rindlaub, 

1934; Meyer-Peter and Müller, 1948; Buffington and Montgomery, 1999). 

However, the unequal mobility in gravel and sand weakly bimodal river, as 

analysis of fractional transport rate and grain size related to shear stress has 

suggested that gravel transport is size-selective and sand transport is close to 

unity (Wathen et al., 1995). 

The elementary deterministic models have revealed that shear stress required to 

initialise sediment displacement depends on grain size (i.e.  𝜏𝑐 ∝ 𝐷 ), with 

additional factors like grain shape and degree of packing or imbrication (Knighton, 

2014). Nevertheless, the grain size in a natural stream varies significantly, 

especially in the gravel-bed rivers. The grain mobility is influenced by pivoting 

angle (Komar and Li, 1986) degree of grain exposure (Fenton and Abbott, 1977), 

including sediment imbrication and bedform structure. Though shield number is 
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not a fixed value, it varies significantly if grain size > 8mm, irrespective of the loose 

or tightly packed river bed (Church, 1977). The experimental evidence has 

indicated that local mobility does not imply reach-averaged equal mobility if local 

variation in grain size exists (Paola and Seal, 1995). Thus, equal mobility to a grain 

mixture contradicts size-selective transport. 

The perspective of river form-processes relationship changes from one scale to 

another. In a moderate-size catchment, a fluvial form can be depicted such as the 

following hierarchy, drainage network (>105 m) to river length (sequence of 

meanders), channel-reach (single meander), channel unit (pool, riffle), subunit 

(bars) and individual particle (<10-1 m) scales (Knighton, 2014). At each scale of 

river form-processes of the geomorphic unit get adjusted due to the dynamic 

movement of individual grain. Therefore grain size is recommended as a key-

dependent variable in a numerical simulation of sediment transport models (Hoey 

and Ferguson, 1994). In a recent study, weir removal was performed with the 

sediment transport analysis in a numerical simulation model to access the impact 

of weir removal scenarios. It uses grain size as a basic functional unit to assess 

geomorphic change estimation following a removal case (Howard et al., 2017). 

Thus, grain size distribution in the river network scale within the modelling 

environment can bring out the geomorphic process & form information at a 

particular sample timescale. Hence, grain size is one of the most critical 

parameters advised for the sediment transport processes (Robert, 2003).  

 Optical granulometry 

Optical granulometry is used to derive grain size information from vertical images. 

The derived information regarding grain size distribution reveals catchment hydro-

geomorphic status and responsible process acting on the river (Parker et al., 1982; 

Andrews, 1983; Kirchner et al., 1990). The earliest adaptation of grain size 

estimation using the grid by number approach utilises photographs of sediments 

and grid of known interval (Ritter and Helley, 1968; Kellerhals and Bray, 1971; 

Iriondo, 1972; Adams, 1979). However, there were a few drawbacks: grain 

packing, shadow effect, scale distortion, and imbrication angle.  

 

The digitisation of coarse grain edges was adopted to address this issue, and 

classification was performed based on an estimated ellipsoid (Ibbeken and 



Chapter 3: Fluvial Morphotypes and Grain Sizes 

78 
 

Schleyer, 1986; Diepenbroek and de Jong, 1994; Ibbeken et al., 1998). Recent 

advancements in remotely sensed optical imagery at a catchment scale can 

become valuable assets for extracting or mapping river parameters (Marcus and 

Fonstad, 2008). The early observer had shown ways to evade direct observation 

on-site (Fonstad and Marcus, 2005) and scaling up image-driven river 

environment characteristics at the catchment scale (Carbonneau et al., 2003, 

2004, 2005a, 2005b, 2006; Carbonneau and Dietrich, 2017).  

 

Optical image analysis primarily focused on gravel size information utilises digital 

image processing techniques, image grey-scale thresholding and image 

segmentation. Image processing techniques aim to sort out the individual grain 

and perform grain size measurements. The result obtained with optical 

granulometry was found accurate when compared with manually-identified 

measurements (Butler et al., 2001).  

 

Optical granulometry techniques remove the need for labour-intensive fieldwork 

and careful sieve analysis in the lab environment. Most gravel-bed rivers often 

lack distributed grain size information (Verdú et al., 2005; Chávez et al., 2015), 

thus illustrating the need for fast grain size measurement with remote sensing. 

Recent advancements in UAVs and onboard sensors have opened a new 

hyperspatial remote sensing image domain. These two attributes of advanced 

consumer-grade UAVs have proven their importance in creating catchment scale 

distributed grain size information (Carbonneau et al., 2005a; Carbonneau and 

Dietrich, 2017; Langhammer et al., 2017; Carbonneau et al., 2018). In gravel-bed 

rivers, the entire size distribution information provides full spectrum for different 

parameters estimation; for example, D90 can be associated with channel 

roughness estimation, and D10 that makes the fair proportion of the river bed is 

essential for fish spawning habitat (Waters, 1995; Diplas et al., 2008). The 

resulting sediment transport models can exploit the entire range of distributed 

grain information for fractional transport rate calculation. Such models can act as 

sediment screening that determines sediment fate from source to sink. The 

models would have different transport rates at the reach section for specific grain 

size, this defines sediment transport and deposition pattern at the river network 

scale in a model like CASCADE. 
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 BASEGRAIN: an overview 

The BASEGRAIN is an automatic object detection tool that performs an optical 

granulometric analysis. It is suitable for top view or nadir images of non-cohesive 

sediments of gravel beds. It implements a five-step object detection algorithm to 

filter out grain edges, including separating interstices from grain area (Detert and 

Weitbrecht, 2013). Finally, a quasi-grain size is calculated from detected and 

filtered grain object's b-axis following the line-sampling method (Fehr, 1987). 

 

The implementation of BASEGRAIN in this study was used to produce grain size 

distribution data for subsurface material. This feature of BASEGRAIN becomes 

crucial for providing distributed process and form information acting at a catchment 

scale, hydraulic and sediment transport modelling. Contrary to that, conventional 

laboratory techniques demand sample collection, transportation of samples to the 

lab facility and then performing sieving to get the weighted average results. 

 

BASEGRAIN performs a few steps to refine grain size information (Detert and 

Weitbrecht, 2012). It implies a double grayscale threshold approach to separate 

grain area from interstices (Weichert et al., 2004; Graham et al., 2005a, 2005b). 

At first, BASEGRAIN identifies interstices between the single grains on the 

grayscale thresholding image. Second, interstices identification with 

morphological bottom-hat transformation. Third, the implementation of two 

gradient filtering techniques Sobel Method (MATLAB, 2018), for vital edge 

detection and this stage further employs the Canny edges method (Canny, 1986), 

enabling soft edge detection. Fourth, converge the previous steps of interstices 

detection to separate single grains by applying the watershed algorithm. Fifth, the 

ellipse's delineated grains are fitted to derive the grain size information by 

adjusting a-axis & b-axis (Plesiński et al., 2017). 

 

Finally, Fehr’s line sampling methods produce surface grain size and prognosis to 

get sub-surface layer grain size information. The prognosis has been performed 

with the fuller curve estimation. Thus, it can provide the photographic sample 

undetected fine grains size information.  
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The input processed images must be rescaled for BASEGRAIN optical 

granulometry analysis. However, we note that optical granulometry is now moving 

towards deep learning methods, with applications such as SediNet (Buscombe, 

2020) emerging in the very recent literature.  

 Morphotype identification on Google Images 

In Figure 3.6, google satellite images depict river morphotypes present in the 

Eamont river catchment. After identifying morphotypes on Google images & their 

assignment to the river network, we assigned the respective mean grain size 

information. The missing reach grain size for remaining un-surveyed reaches get 

their respective D16, D50 and D84 values based on linear interpolation performed in 

MATLAB, which are located between two successive photo-granulometric survey 

sites, Figure 3.16. Although linear interpolation can induce mathematical 

refinement of sediment size and avoid such unintended misinformation to the 

model, a careful approach is adopted. In this approach, a piecemeal linear 

interpolation has been performed. The interpolation is performed between two 

known samples sites (D16, D50 and D84) for which morphotypes are assigned. Such 

a piecemeal interpolation approach helps to generate continuous grain size 

distribution information on the Eamont river network. However, this cannot replace 

the actual sampled grain size information. This approach was previously used to 

initialise the CASCADE modelling performed for the Vjosa River (Tangi, 2018).  

Morphotype D: on a source reach at the Eamont river network. 
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Morphotype C: Tributary River Lowther. 

 

Morphotype B: Tributary River Lowther. 
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Morphotype A: Eamont river catchment outlet section. 

Figure 3.6 Examples of Morphotypes identified on Google images for Eamont & 
Lowther River network. 

 

 

Figure 3.7 The morphotype classification of the Eamont river catchment. 
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3.5 Drone-derived hyperspatial image data  

We have employed a DJI Phantom 4 drone equipped with a 12.4M pixel camera. 

It can produce high-resolution images, and its deployment for close-range image 

collection suits optical granulometry objectives. A three-axis (pitch, yaw, roll) 

gimbal keeps the onboard camera sensor stable to avoid any motion burr in the 

captured photographs. The pitch of the sensor is controllable within 0 – 900, and 

it enables piolet to collect multi-view images of the close-range gravel bed, suitable 

for fine-grain sediment under optical granulometry study.  

Field surveys were completed in two subsequent field visits to the Lake District 

(April & June 2019).  In these summer months, the river discharge was at the 

normal stage. A low water level ensures the maximum availability of exposed 

gravel bars. The consumer-grade quadcopter had gathered the exposed Eamont 

river gravel bed photographs. The drone allows access to an inaccessible part of 

the river gravel bar as the drone can maintain its position in mid-air against the 

wind. This suits for taking nadir photographs, including oblique photographs for 

optical granulometry.   

 

Every sample site has at least 35 drone-captured images of gravel beds. The 

sampled images contain nadir as well as oblique images (± 300) of the sample 

site. The area of interest varies with the amount of exposed gravel bar in the river, 

and it varies between 2x2m and 5x5m. Images were taken following the 

photogrammetry rule, in which 60% side lap and 80% forward lap were secured. 

The onboard camera sensor has a field of view 940 that ensures a complete 

photographic imprint of the gravel bar. Albeit the wide-angle lens is prone to barrel 

shape lens distortion and impacts photographic impression, the central portion 

gets large scale, and corner parts of a photograph show low scale. 

 

Moreover, scale difference is prominent in close range gravel images compared 

to high altitude images. Therefore, it is mandatory to resolve barrel distortion 

imprint on drone images (Aber et al., 2019, p. 86). Hence, drone images are 

processed in photogrammetric application software (AgiSoft: PhotoScan). Agisoft 

produces orthoimages, free from barrel distortion images.  
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The river flows through mid-altitude mountains in the catchment, and some river 

reaches are remote and inaccessible. The Eamont River joins Lowther River, a 

major tributary in the low-lying part of its catchment. The rive network is divided 

into 166 reaches in the hydrological modelling, based on distinct geomorphic 

parameters. Therefore, there is a requirement to get each geomorphic unit grain 

size sample as they are experiencing different stages of river development. The 

survey was planned to obtain a representative sample of each geomorphic type. 

Whether in headstream, river confluence, and at the outlet region of the 

catchment. Few image samples represent the change in grain sample at the 

immediate downstream section of the weir location on a river network. It is crucial 

to have representative GSD for all 166 reaches. However, it is not possible or 

practical with the photographic sample., Even it can be performed faster than the 

conventional procedure.  

 

The river morphotype selections are based on (Liébault 2003), the morphological 

type ascertained before the detailed field visit. Four main geomorphic types were 

classified at the catchment scale with the help of Google Earth images.  

The drone survey at a site consists of multiple images. The main objective of this 

exercise was to create high-resolution images that could provide better grain 

variability at the survey spot. The close-range images were captured at an altitude 

of 1 -2m height from the riverbed.  Multi-view photos are recommended for better 

positional accuracy (Harwin and Lucieer, 2012; Bláha et al., 2012; Turner et al., 

2014; Koci et al., 2017; Rossi et al., 2017; Carbonneau and Dietrich, 2017; Seifert 

et al., 2019). Although drone-captured images do not show much positional error 

for survey work, in grain size analysis, any deviation from sub-meter inaccuracy 

would progressively degrade the main objective of optical granulometry or photo-

sieving. Thus, we have placed an object of a known length to rescale drone images 

at the post-processing stage or the BASEGRAIN application.  

 Post-processing of drone data 

The site-specific images are loaded in Agisoft software as a separate processing 

chunk. Before further processing, image inspection must discard any accidental 

image introduction to blur images, which can hamper the quality of output images. 

Selecting an appropriate coordinate system is essential because the difference 
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between the image coordinate system and processing environment coordinate 

system would result in errors like the model’s elevation.  

3.5.1.a Alignment 

Image alignment is a primary processing step that determines camera positions 

and image orientation. It virtualises the field drone locations in the model space. 

At this step, software shows the image’s ground projection. The alignment 

process also builds a sparse point cloud model. Once camera data is imported 

and images projected in images space, the software performs common feature 

identification and matching among overlap parts of the projected images, 

resulting in spare point generation that visualises tie points in the 3D image 

space. 

3.5.1.b Dense cloud 

The dense cloud formed based on estimated depth information from the camera 

position of an individual camera. This depth information is stitched together for 

the formation of the dense cloud for each selected chunk. The density of dense 

points could be like a LIDAR point cloud based on the reconstruction parameter 

chosen. The z-information generated in dense cloud formation supplemented 

for digital elevation model creation. 

3.5.1.c Mesh 

A dense point cloud or a sparse point cloud provides base information that is 

utilised for polygonal mesh model creation. The mesh creation as an option as 

dense point cloud consists of better depth information than mesh dataset. 

Moreover, a dense point cloud is recommended to form a digital elevation 

model.   

3.5.1.d Digital elevation model 

The DEM is primarily a rasterised form of dense point cloud at regular grid size 

intervals, and its grid size is estimated from the source data. It provides base 

information for the orthorectification of drone capture images. 

3.5.1.e Ortho-mosaic 

The ortho-mosaic was created with an orthorectification process, including 

original drone capture images. The elevation information can be provided in the 
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form of a sparse cloud, mesh, or dense point cloud, which is used for the 

orthorectification process in gravel-bar images. The model projection system is 

set here to a projected coordinate in the UTM system, and the pixel value is set 

to a default value; the pixel values remain fine for high-resolution images (in 

cm). 

3.6 BASEGRAIN: Eamont Rivers GSD data development  

The drone images are converted to orthoimages in the photogrammetric suite. The 

orthoimages are analysed to derive the grain size information in the BASEGRAIN, 

and it reads the user input in the form of mm/pix value. The images are cropped 

for the recommended size of <~25002 pixels (BASEGRAIN 2.2 version).  

        

Figure 3.8 SFM processed and scaled image of a gravel bar at the headwater 
section of river Eamont River.  

 

The area under consideration for grain size distribution is processed in five 

sequential stages for interstices identification (Figure 3.9). It is based on a 

grayscale threshold and morphological bottom-hat transformation algorithm (edge 

detection). The extraction of interstices is controlled by multiple user inputs in the 

software user interface and can be fine-tuned based on on-screen visualisation. 

Although, the software’s default setting produces satisfactory results. The grain 

edges are enhanced using gradient filtering. This stage also uses Sobel and 

Canny filters for strong and soft edge filtering, respectively (Figure 3.10).  
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Figure 3.9 Scaled image undergoes digital image processing for edge filtering 
(BASEGRAIN). 

 

 

Figure 3.10 Pre-processing for automatic edge detection.  
 

The extraction of individual grain objects formed while previous stages 

information converged, and watershed algorithm executed (Figure 3.10). Thus, 

formed grain objects analysed between switching between image and object 

view. Suppose there are a few discrepancies regarding grain size object 

formation. The whole process can be re-executed, or manual editing can be 

adopted.  
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Figure 3.11 post-processing for manual editing. 

 

When grain objects are of adequate size discerned in the final stage, ellipsoids 

are fitted to the newly formed grain objects and measure their a-axis & b-axis. 

Fehr’s line sampling method, quasi area sampling, has separated grain size 

distribution within a gravel bed’s photographic sample. Fehr’s line sampling 

method provides fine grain size distribution prognosis by extending the grading 

curve (Figure 3.12 & Figure 3.13).       

 
Figure 3.12 Grain size analysis, (b-axis truncation [10, 999: min, max], (semilogx 
plot, unit mm). 
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Figure 3.13 Grain size analysis (plotted Di limit 0:100 mm). 
 

The grain size sample was collected on a different section of Eamont & its 

tributary river Lowther. The sampled images were collected so that each sample 

becomes a representative sample of four identified morphotypes. Figure 3.14 

and Figure 3.15 explains the data collection for a representative morphotype C 

site on the river course of Eamont and grain size fraction generation with 

BASEGRAIN exported data Figure 3.16. 

 
Figure 3.14 Low altitude drone flight location at Eamont headstream. 
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Figure 3.15 Gran size nadir image on Eamont River. 

 

 

Figure 3.16 Grain size fraction results exported as KML file for display on Google 
Earth. 

 

 Figure 3.17 depicts piecemeal interpolated GSD data on the Eamont river 

network, which consist of 25 drone observations out of 166 reaches. The drone 

derived GSD sampled is distributed in the Headwater, mid-reach, and mouth 

region of Eamont and Lowther. Figure 3.18 demonstrates 25 drone sampled sites 

and remaining reaches assigned with piecemeal interpolated GSD data.   
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 Figure 3.17  Grain size (D16, D50 and D84) fractional values on the Eamont river 
 network. 
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Figure 3.18 Drone sampled reach and piecemeal interpolated GSD reach on the 
Eamont & Lowther River network. 

 

It is crucial to inform that all gravel bed photo-based grain size measurement 

software has shown limitations compared to manually measured GSDs. 

However, BASEGRAIN software provides reliable grain size measurement 

(Rüther et al., 2013; Westoby et al., 2015; Stahly et al., 2017), and a study 

reported that root mean square error for D50 did not exceed 13% (Chardon et al., 

2022). However, in the current study, manual measurement of the river bed is 

not performed and therefore, deviation from the actual GSD measurement and 

software derived information is unreported. 

Summary: 

This chapter describes the approach to generate grain size distribution (GSD) 

information across the river network. The primary tool employed in this 

methodology is a consumer-grade drone to capture close rage hyper-spatial 
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resolution images and process them in photogrammetry software to get the 

scaled or ortho-photographs. The scaled images are processed for object 

detection software, in which their a & b axis gets measured, following that Fehr 

line sampling technique implemented to get the D16, D50 & D84 information. This 

GSD information plays a vital role in initialising the CASCADE model, aiming to 

implement a fractional transport rate to gain a size-selective sediment flux 

estimate. Therefore, adopting and employing quick riverbed grain size sapling is 

the core of this part.  

Grain size is an essential parameter for sediment transport processes and in 

simulation models. Moreover, it is an essential input for the CASCADE 

framework (requires D16, D50 & D84 values in unit meter). The median grain size 

is strongly related to the catchment area and slope (Pike et al., 2010) for the 

Eamont river catchment, Figure 3.5. In sediment transport formulae, median 

grain size (D50) values have always been utilised for “bulk” sediment transport 

that of sub-surface bed material or surface bed material (Burt and Allison, 2010). 

The size-selective sediment transport model and experimental studies were 

reported by (Parker et al., 1982) and (Wilcock 1993) and in a recent work, in 

which sediment transport model was presented for mixed-size sediment (sand 

/gravel). It exploits the sediment size of bed material rather than sub-surface bed 

material is capable of generating transient sediment transport estimates (Wilcock 

and Crowe, 2003). This model includes a hiding function refined compared to the 

earlier reported hiding functions. The model takes the full-size distribution of bed 

surface, including sand material, which makes it distinct. It has incorporated the 

nonlinear effect of sand content on gravel sediment transport. In this study, the 

CASCADE model was implemented for sediment transport study at the river 

network scale. It can utilise Wilcock and Crowe model along with other sediment 

formulas proposed (Engelund and Hansen, 1967; Yang, 1984; Wong and Parker, 

2006). In the data-poor river catchment (Eamont), the model parameterisation 

becomes crucial with the maximum observed data available. The photo-

granulometry is provided as an additional data for CASCADE model performance 

and prediction confidence. 
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Chapter 4: SWAT model simulation and its calibration 

analysis for long-term hydrological assessment in the 

Eamont catchment.  
 

The current thesis aims to find weir and dam removal scenarios that offer the best 

possible sediment transport restoration at minimal costs. Adopting a modelling 

approach that uses the CASCADE model’s simulation under different barrier 

removal scenarios will provide barriers impact on transported sediment flux. One 

of the critical limitations of CASCADE is its dependence on external distributed 

discharge data. In order to overcome this limitation, SWAT, a hydrological model, 

has been chosen to couple with CASCADE to simulate discharge inputs 

accurately. However, numerous hydrological models are available for modellers, 

and the selection of one model can be complex. Thus, the selection of a model 

must be based on the comparative analysis among various hydrological tools 

(1.3.2) to simulate the Eamont catchment’s hydrological characteristics at the 

network scale. 

4.1 SWAT Model: An introduction 

SWAT is a physical, semi-distributed, process-based model that simulates river 

basin or catchment scale hydrology (Arnold et al., 1998; Gassman et al., 2007). 

The model was developed to predict water, sediment, chemical, and water 

exchange at daily or sub-daily frequencies for an extended period. SWAT requires 

detailed information of catchment-wide water interactions and accountable 

parameters that can affect the water quantification at the land, atmosphere, and 

river routing stages. Setting up the SWAT model with required inputs can be 

cumbersome, but once the model is parametrised, it can provide insight for 

planning and conservation practices and improve policy-making decisions (D. N. 

Moriasi et al., 2007).  

Williams (1975) recommends the subdivision of catchments for effective sediment 

yield estimation. SWAT processes real-world information at a reduced scale by 

discretising the catchment into sub-catchment. HRU is the smallest unit for which 

hydrological and other associated catchment processes are simulated. 
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Hydrological response units (HRUs) are the lumped area of a sub-catchments 

spatial unit comprising land use, soil properties and land management information. 

The division of the catchment into sub-catchment provides a quantification of 

spatially distributed information on climate, hydrological response unit (HRUs), 

and water controlling or diversion schemes. The collective hydrological 

information of different land use and soil combinations and pond/reservoir, 

overland flow, groundwater flow, and streamflow are processed for each sub-

catchment in the hydrological model (Neitsch et al., 2011). SWAT solves the water 

balance equation at the river catchment scale. Equation 4.5 explains the water 

balance in the model, and the schematic representation in Figure 4.1 explains the 

hydrologic cycle's component addressed in the model.  

 

Figure 4.1 Schematic representation of Hydrologic cycle (Neitsch et al., 2011; 
Khayyun et al., 2019). 

 

 Land Phase  

The land phase of the hydrological cycle consists of processes such as rainfall-

runoff, evapotranspiration, and soil water (soil moisture, lateral flow and aquifer 

recharge) estimations. These water movement processes represent different 

pathways in which atmospheric water is converted to soil-water, surface, and 
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sub-surface water. The water loss is estimated for plant uptake and is modelled 

by evapotranspiration from land and rivers. Finally, the water is contributed to the 

river for the water routing process.  

The land phase processing sequence in the model is depicted in Figure 4.2. It 

represents spatially distributed land phase processes primarily related to water 

exchange between land and the atmosphere. In the land phase, weather 

parameters play a crucial role in water availability and its movement back to the 

atmosphere based on rainfall vs temperature, humidity, and wind speed. 

 

Figure 4.2 SWAT model's land phase processing loop in SWAT model's computer 
code. 
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Surface runoff occurs when soil moisture reaches saturation level, and no further 

infiltration occurs. In other words, the rainfall rate exceeds the rate of infiltration. 

An excess amount of rainfall and snowmelt can saturate the soil layers based on 

antecedent moisture conditions. This excess amount of water will become a part 

of surface runoff. Surface runoff and infiltration rate can be calculated with the 

SCS curve number (CN) (Cronshey, 1986) and Green and Ampt methods (Green 

and Ampt, 1911). In the current study, the curve number method is implemented. 

In the SCS curve number method, the excess rainfall is converted to runoff 𝑄 

which is generated after meeting initial abstraction 𝐼𝑎 (is the abstracted canopy 

amount of precipitation), and it is not going to be a part of runoff. Some part of 

runoff is absorbed by the soil 𝑺. The following relation explains the SCS curve 

number method:   

 
𝑄 =

(𝑃 − 𝐼𝑎)

(𝑃 − 𝐼𝑎) + 𝑆
 

4.1 

In the equation, 4.1 𝑺 is potential maximum water retention. The amount of 𝑺 is 

related to soil and land cover class in the catchment, which is represented as 𝑪𝑵 

value. It ranges between 0 and 100, and the value of 𝑪𝑵 and 𝑺 is related by 

following relation: 

 
𝑆 =

1000

𝐶𝑁
− 10 

4.2 

The CN value drops when soil approaches the wilting point condition. Contrary 

to that, the CN values become higher when the soil reaches its saturation stage 

(Neitsch et al., 2011, pp. 100–102). The runoff generation is highly dependent 

on the hydrological soil group and the antecedent soil moisture conditions. 

Hydrological soil group information consisting of CN values is accessed through 

the Harmonized world soil database (Batjes, 2009), while antecedent moisture 

conditions are modelled daily based on the rainfall data (Kumar et al., 2016).  

The peak flow discharge in the model is computed with a modified rational 

method (eq. 4.3). Peak flow occurs at a given maximum rainfall in a day, and it 

is used to calculate erosion and sediment loss prediction. 

 
𝑄𝑝𝑒𝑎𝑘 =

𝛼𝑡𝑐 ∗  𝑄 ∗ 𝐴𝑟𝑒𝑎

3.6 ∗  𝑡cone
 

4.3 
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In equation 4.3, the 𝑸𝒑𝒆𝒂𝒌 is the peak discharge, 𝜶𝒕𝒄 is amount of the rainfall that 

occur in a day at the time of concentration, 𝑸  is the surface runoff and 𝑨𝒓𝒆𝒂 is 

the sub catchment area, 𝒕𝐜𝐨𝐧𝐞 (hr) is time of concentration for a sub-catchment, 

3.6 is a conversion factor (Neitsch et al., 2011, pp. 110–115).  

Evapotranspiration is responsible for the loss of water from the land and water 

surfaces, and it collectively addresses the process of evaporation from plants 

and soil along with sublimation. In most rivers catchments, the 

evapotranspiration process exceeds the surface runoff (Dingman, 2015). Thus, 

its accurate measurements will be crucial for climate change and land-use 

alterations impacts water resources. The evapotranspiration process can be 

calculated based on Penman-Monteith (Monteith, 1965), Hargreaves 

(Hargreaves et al., 1985), and Priestley-Taylor (Priestley and Taylor, 1972). 

However, the Penman-Monteith method is often preferred and used in the 

current study (Vale and Holman, 2009; Holder et al., 2019). The inputs required 

for the penman-monteith method are solar radiation, air temperature, relative 

humidity, and wind speed (eq. 4.4).  

E =
Δ (Hnet − G) + ρair 𝑐𝑝[𝑒𝑧

0 − 𝑒𝑧] /𝑟𝑎 

Δ + γ (1 +
rc

𝑟𝑎
)

 
4.4 

In equation 4.4, E is the latent heat flux density (MJ m-2 d-1), E is depth rate (mm 

d-1), Δ is the slope of saturation vapour pressure-temperature curve, de/dT (kPa, 

0C-1), Hnet is the net radiation (MJ m-2 d-1), G is the heat flux density to the ground 

(MJ m-2 d-1), ρair is the air density (kg m-3), 𝑐𝑝 is the specific heat at constant 

pressure (MJ kg-1 0C-1), 𝑒𝑧
0 is the saturation vapour pressure of air at height z 

(kPa), 𝑒𝑧 is the water vapour pressure at the height z (kPa), γ is the psychrometric 

constant (kpa 0C-1), rc is the plant canopy resistance (s m-1), and 𝑟𝑎 is the diffusion 

resistance of the air layer (aerodynamic resistance) (s m-1).  

SWAT simulates saturated flow that is available after it surpasses the field 

capacity of the soil profile layer. The process for lateral flow is calculated with a 

kinematic storage model for subsurface flow (Sloan and Moore, 1984). The 

model then simulates subsurface flow in the two-dimensional cross-section 

flowing the gradient direction (Neitsch et al., 2011, pp. 160–162).   
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To summarise, the hydrological cycle-related processes that take place at the 

catchment is depicted in a simplified water balance equation, as follows: 

 
𝐒𝐖𝐭 = 𝐒𝐖𝐨 +  ∑  

𝐭

𝐢=𝟏

(𝐑𝐢 − 𝐐𝐢 − 𝐄𝐓𝐢 − 𝐏𝐢 − 𝐐𝐫𝐢) 
4.5 

 

where SWt is final soil water content (mm H2O), SWo is initial soil water content 

on day i (mm H2O), t is Time (days), Ri is  precipitation amount in a day i (mm 

H2O), Qi is Surface runoff generated on the day i, ETi is evapotranspiration on 

day i,  Pi is Percolation or seepage of water from the soil layer to subsoil layers 

vadose zone in a day i (mm H2O), Qri  = Return flow or groundwater recharge 

(Arnold et al., 1998; Neitsch et al., 2011, pp. 97–98).  

Sediment routing in SWAT is a function of deposition and degradation and is 

performed for land and channel components. The land component model tracks 

the eroded particle from the land and route sediment particles to ponds, 

channels, and surface water bodies. Erosion is modelled with the entrainment, 

transport and deposition of soil particles by the erosive force of the raindrop and 

surface runoff. SWAT uses MUSLE (Modified Universal Soil Loss Equation), 

which is a modified version of USLE (Universal Soil Loss Equation) (Wischmeier 

and Smith, 1978). The runoff factor improves the prediction of sediment yield. 

One of the key advantages of implementing MUSLE is that it has replaced the 

rainfall factor (R) used for soil erosion in USLE replaced with runoff factor in 

MUSLE (Willams, 1975). 

𝑠𝑒𝑑 = 𝟏𝟏. 𝟖 ∗ (𝑸𝒔𝒖𝒓𝒇 ∗ 𝒒𝒑𝒆𝒂𝒌 ∗ 𝒂𝒓𝒆𝒂𝒉𝒓𝒖)𝟎.𝟓𝟔 ∗ 𝐾𝑈𝑆𝐿𝐸 ∗ 𝐿𝑆𝑈𝑆𝐿𝐸  ∗ 𝐶𝑈𝑆𝐿𝐸 ∗ 𝑃𝑈𝑆𝐿𝐸 ∗ 𝐶𝐹𝑅𝐺 4.6 

 

In MUSLE (equation 4.6), 𝑄𝑠𝑢𝑟𝑓 is surface runoff volume, 𝑞𝑝𝑒𝑎𝑘 is peak discharge 

rate, 𝑎𝑟𝑒𝑎ℎ𝑟𝑢 is the area of HRU. The 𝐾𝑈𝑆𝐿𝐸 is the USLE soil erodibility factor, 

𝐿𝑆𝑈𝑆𝐿𝐸  is the USLE topographic factor, 𝐶𝑈𝑆𝐿𝐸 is the USLE cover and management 

factor, 𝑃𝑈𝑆𝐿𝐸 is the USLE support practice factor and 𝐶𝐹𝑅𝐺 is the coarse fragment 

factor. While 𝑠𝑒𝑑 is the sediment yield on the given day (metric tons). The coarse 

fragment factor 𝐶𝐹𝑅𝐺 is calculated as per the following equation. 

𝐶𝐹𝑅𝐺 = 𝑒𝑥𝑝(−0.053 ∗ 𝑟𝑜𝑐𝑘) 4.7 
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In equation 4.7, 𝑟𝑜𝑐𝑘 is the percent rock present in the first layer of the soil, and 

this information is accessed from the Harmonised world soil database (HWSD),  

 Figure 2.6. 

The land contribution of sediment to each given river reach is estimated from the 

detached (i.e. entrained) sediment size fraction from the primary particle size 

distribution of the soil (Foster et al., 1980). However, in the case of a significant 

catchment, the total amount of generated runoff from a storm event does not 

reach the main channel, only a fraction of it is available to the main channel. This 

lag in surface runoff is also reflected in the sediment delivery to the main channel. 

The amount of sediment reached to the main channel is calculated with the 

following equation.  

 𝑠𝑒𝑑 = 𝑠𝑒𝑑′ + 𝑠𝑒𝑑𝑠𝑡𝑜𝑟 ,𝑖−1− (1 − 𝑒𝑥𝑝 [
−𝑠𝑢𝑟𝑙𝑎𝑔

𝑡𝑐𝑜𝑛𝑒
]) 4.8 

In the equation 4.8, 𝑠𝑒𝑑 is the amount of sediment delivered to the main channel 

of the catchment, 𝑠𝑒𝑑′ is the amount of sediment generated at the HRUs, 𝑠𝑒𝑑𝑠𝑡𝑜𝑟 

and is the amount of sediment stored or lagged. 𝑠𝑢𝑟𝑙𝑎𝑔 is the surface runoff lag 

coefficient, and 𝑡𝑐𝑜𝑛𝑒 is the time of concentration. The amount of sediment carried 

in the lateral flow and groundwater is modelled in SWAT.  

 
sedlat =

(Qlat + Qgw) ∗ areahru ∗ concsed

1000
 

4.9 

In equation 4.9, sedlat is the loading of sediment in the lateral and groundwater 

(metric tons), Qlat and Qgw are the lateral and groundwater flow in a given day 

(mm H2O), areahru is the area of the HRU, and concsed is the concentration of the 

sediments in lateral and groundwater flow (mg/L) (Neitsch et al., 2011, pp. 264–

265).  

 Routing phase  

The water in the leading river network is routed through Variable storage routing 

(Williams, 1969; Williams and Hann Jr, 1973), and it is a version of the kinematic 

wave model (T. V. Chow et al., 1988; Neitsch et al., 2011, pp. 428–435).  

The outflow amount in the channel water balance equation 4.10 is subjected to 

transmission (𝑡𝑙𝑜𝑠𝑠) and evapotranspiration losses (𝐸𝑐ℎ), bank storage (𝑉𝑏𝑛𝑘) and 

water inflow and outflow can be impacted by irrigation and inter-basin water 



Chapter 4: SWAT model simulation and calibration.  

101 
 

transfer schemes (𝑑𝑖𝑣), including amount of rain directly falling on the river 

section. SWAT can model all these scenarios, and it is subjected to model 

parametrisation (Neitsch et al., 2011).   

𝑉𝑠𝑡𝑜𝑟𝑒𝑑,2 =   𝑉𝑠𝑡𝑜𝑟𝑒𝑑,1 +  𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡  − 𝑡𝑙𝑜𝑠𝑠 −  𝐸𝑐ℎ + 𝑑𝑖𝑣 +  𝑉𝑏𝑛𝑘 4.10 

 

In equation 4.10, 𝑉𝑖𝑛 and 𝑉𝑜𝑢𝑡 is the volume of water flowing into and flowing out 

of reach at the time step, 𝑉𝑠𝑡𝑜𝑟𝑒𝑑,1 is the volume of the water in the reach at the 

beginning of the time step, and 𝑉𝑠𝑡𝑜𝑟𝑒𝑑,2 is the volume of the water at the end of 

the time step. While other variables in the equation are transmission, 

evaporation, water diversion and bank storage, respectively (Neitsch et al., 2011, 

pp. 428 – 441).  

 Water and sediment routing from waterbodies  

Reservoirs play a significant role in flood control and power generation.  

 

Figure 4.3 Components of a reservoir with floodwater detention features, 
source:(Neitsch et al., 2011). 

 

𝑉 =  𝑉𝑠𝑡𝑜𝑟𝑒𝑑 + 𝑉𝑓𝑙𝑜𝑤𝑖𝑛 − 𝑉𝑓𝑙𝑜𝑤𝑜𝑢𝑡 + 𝑉𝑝𝑐𝑝 − 𝑉𝑒𝑣𝑎𝑝 − 𝑉𝑠𝑒𝑒𝑝  4.11 

 

The water balance associated with reservoirs is calculated with equation 4.11, 

where 𝑉𝑠𝑡𝑜𝑟𝑒𝑑 is the volume of water stored at the beginning  of the day, 𝑉𝑓𝑙𝑜𝑤𝑖𝑛 
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volume of water flowing from the reservoir during the day, 𝑉𝑓𝑙𝑜𝑤𝑜𝑢𝑡 volume of 

water flowing out of the reservoir during the day, 𝑉𝑝𝑐𝑝 , 𝑉𝑒𝑣𝑎𝑝 and 𝑉𝑠𝑒𝑒𝑝 are volume 

of precipitation falling on the reservoir area, the volume of water evaporated from 

the reservoir and volume of water lost through seepage from the reservoir.  𝑉 is 

the volume of water in the reservoir at the end of the day. The mentioned 

variables in equation 4.11 are calculated as per mathematical relations 

mentioned in the SWAT manual (Neitsch et al., 2011, pp. 514–531). Reservoir 

outflow 𝑉𝑓𝑙𝑜𝑤𝑜𝑢𝑡 is defined as measured daily outflow rate.  

Sediment routing in water bodies can be explained with a mass balance 

equation, eq. 4.12, where 𝑠𝑒𝑑𝑤𝑏,𝑖 is the amount of sediment in the water body at 

the beginning of the time step (day), 𝑠𝑒𝑑𝑓𝑙𝑜𝑤𝑖𝑛 is the amount of the sediments 

flowing in the waterbody, 𝑠𝑒𝑑𝑠𝑡𝑙 is the amount of the sediments lost by the settling 

process in the waterbody, 𝑠𝑒𝑑𝑓𝑙𝑜𝑤𝑜𝑢𝑡 is the amount of sediment flowing out of the 

waterbody with the outflow, and 𝑠𝑒𝑑𝑤𝑏 is the amount of sediments at the end of 

the time step. The mass balance components are calculated as per defined 

mathematical relations in the SWAT (Neitsch et al., 2011, pp. 534–537).  

 𝑠𝑒𝑑𝑤𝑏 =  𝑠𝑒𝑑𝑤𝑏,𝑖 +  𝑠𝑒𝑑𝑓𝑙𝑜𝑤𝑖𝑛 −  𝑠𝑒𝑑𝑠𝑡𝑙 −  𝑠𝑒𝑑𝑓𝑙𝑜𝑤𝑜𝑢𝑡 4.12 

 

In equations 4.11 and 4.12, all the sub-components of water and sediment 

routing in a reservoir are calculated using the mathematics relations defined in 

the SWAT model manual (Neitsch et al., 2011, pp. 445).   

The sediment routing in river channels can be performed with four different 

stream power models, namely 1). Simplified Bagnold equation, 2). Kodatie 

model, 3). Molinas and Wu model, 4). Yang sand and gravel model. The Bagnold 

model cannot track sediment yield of various sizes, and Kodatie, Molinas can 

process D50 value of 2mm, whereas the Yangs model can take D50 values 

between 2mm to 10mm.  
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4.2 SWAT model's sediment routing limitations for its utility in dam    

removal analysis 

The unavailability of sediment yield for the Eamont river catchment has restricted 

the use of sediment routing and its calibration. In addition to that, there are a few 

reasons why SWAT may not be an appropriate model for solving the current 

research objective and the main rationales are; First, SWAT is a continuous 

model, and its applications are suitable for more extended periods. In terms of 

hydrology, and sediment routing model requires initial conditions. Thus, the 

model requires a warmup period to start simulating results close to observed 

values and may require calibration later if there is any deviation between 

observed and simulated results. Second, the model setup is static and therefore, 

for each model condition, there will be a unique model. In other words, removing 

a dam can impact the catchment hydrology because during model setup, 

observed daily release data is assigned to the dam. Therefore, the dam removal 

will impact the catchment hydrology. However, at the same time, the calibrated 

model parameter will lose their importance in such a scenario calibration 

performed when a dam is considered in the model setup during the simulation 

and calibration process. Third, results generated by the model are massive and 

require a custom script to make them readable and meaningful. The purview of 

dam removal study and its impact on sediment transport will become 

cumbersome with limitations of SWAT models. Forth, the model requires 

sediment concentration (mg/L) for waterbodies, HRU's and D50 values for the 

reservoir, which is not readily available for the catchment. Fifth, the model can 

process grain size between 2mm and 10mm and limits its application for gravel 

river conditions.  

The rationales mentioned above have hindered the application of SWAT for 

sediment routing in the Eamont river catchment. Furthermore, as earlier 

mentioned, sediment yield observed values for Eamont catchment are not 

available; therefore, SWAT model calibration for sediment yield is not performed. 

Still, the model has provided distributed hydrological data for the CASCADE 

model, surpassing the limitations mentioned above. Therefore, SWAT and 

CASCADE models are integrated into the current study to solve dam or weir 



Chapter 4: SWAT model simulation and calibration.  

104 
 

removal objectives. The details of CASCADE model processing and its working 

principles are explained in chapter 5. The chapter has highlighted that SWAT 

and CASCADE integration emerge as suitable integration to deal with mentioned 

limitations and resolve the multiple discharge scenario and dam removal impact 

on sediment flux at the catchment scale.  
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4.3 Model calibration with SWAT-CUP (Calibration and Uncertainty 

Programs) 

The objective of the calibration process of a model is to obtain a model state in 

which the following model characteristics can be achieved: a) model response to 

input state and model simulation performs a consistent pattern to the observed 

river catchment behaviour, b) Model prediction must be accurate with acceptable 

bias, c) uncertainty in the model's results should be less (Gupta et al., 2006).  

  

Figure 4.5 Graphic representation of model calibration procedure (Gupta et al., 
2006). 

 

A graphical representation of the model calibration process is briefly depicted in 

Figure 4.5. Model calibration is an iterative process that finds the optimal 

parameter values to reduce the uncertainty range between observed and 

simulated values. Calibration can be performed with a single parameter variation 

(Bathurst, 1986a, 1986b; Anderson and Woessner, 1992; Andersen et al., 2001) 

or multiple parameter values adjustments (Duan et al., 1994; Yapo et al., 1998; 

Duan, 2003).    

SWAT-CUP is a computer programme designed & written for SWAT calibration. 

Any calibration model or programme that performs parameter adjustment to 

simulate and predict results similar to observed data is achieved with a recursive 

function. In the SWAT-CUP model, one of the calibration algorithms, SUFI-2 (a 

recursive algorithm), is selected (Abbaspour, 2011; Abbaspour et al., 1999). 
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However, the model has various other calibration algorithms apart from SUFI-2, 

such as GLUE, ParaSol, MCMC, and PSO (Abbaspour, 2011). The SUFI-2 

algorithm's selection is based on its ability to address all kinds of uncertainty 

(Schuol and Abbaspour, 2006). SUFI-2 is an efficient algorithm for model 

calibration compared to GLUE and ParaSol. However, GLUE is a computation-

intensive algorithm, and ParaSol is also efficient, yet it has limited ability to 

capture observed flow (Setegn et al., 2008; Teshager et al., 2016; Hallouz et al., 

2018). Additionally, ParaSol requires a higher number of iterations compared to 

SUFI-2. The SUFI-2 algorithm maps all the uncertainty (parameter, conceptual 

model, and input) for the parameters expressed as distribution or range and 

captures most of the measured output within the 95% prediction uncertainty 

(95PPU) of the model (Figure 4.9). The 99PPU band can be compared (with 

measured discharge data) with the two factors, namely P  and R  factors 

(Abbaspour et al., 2004, 2007). The P factor is a measure of modelled data 

covered within the 95PPU envelope. P factor values vary between 0 and 1. Since 

model error can be reflected as (1 – P) factor, thus recommended value for 

discharge is > 0.7 or 0.75. R factor is the wideness of the 95PPU envelope, and 

its value close to 1 is recommended. 

 

The main reason for selecting SUFI-2 over other algorithms is that it is not 

complicated to implement and can calibrate the model with fewer iterations when 

compared with other algorithms. For example, the model calibration can be 

achieved with 1500 iterations with SUFI-2 whilst GLUE, ParaSol and MCMC 

necessitate 10,000, 7,500 and 5,000 iterations, respectively. In addition, an 

evaluation version of SWAT-CUP (version 5.2.1.1) is employed in the study, and 

it is locked for parallel processing. The number of iterations is limited to 2001. 

Thus, SUFI-2 becomes the first choice of SWAT model calibration. 

Using SUFI-2, SWAT-CUP edits the SWAT model's parameters in an iterative 

pattern and estimates closeness between modelled output and observed 

catchment response with a Nash-Sutcliffe objective function. In the processing 

phase, the model iterates until it estimates the number of best simulations with 

adjusted parameter values while constantly improving the model's efficiency via 

objective function and two statistics (P and R). The model offers ten different 

objective functions; a few examples are coefficient of determination (R2), Nash-



Chapter 4: SWAT model simulation and calibration.  

108 
 

Sutcliffe efficiency (NSE), Percent bias (PBIAS), Modified Nash-Sutcliffe (MNS), 

Chi-square distribution (Chi2).  

 
NS = 1 −  

∑ |(𝑄𝑚 − 𝑄𝑠)𝑖
2

𝑖  

∑ (𝑄𝑚,𝑖 − 𝑄𝑚̄ )𝑖

 
4.13 

In equation 4.13, which is a Nash-Sutcliffe objective function (Nash and Sutcliffe, 

1970), Q is discharge value (cms), while 𝑚 and 𝑠 are the measured and 

simulated discharge respectively. Although, there are other objective functions 

available for the calibration analysis, Nash-Sutcliffe objective function is 

recommended for the overall fit of a hydrograph (Servat and Dezetter, 1991), and 

NSE is preferred for the SUFI-2 algorithm in the current study area. 

4.4 SWAT: Initial model simulation and its interpretation 

The initial parametrised run of SWAT cannot be expected to deliver a perfect 

simulation of catchment hydrologic response. Therefore, the modeller is advised 

to interpret the initial model response with the observed and simulated 

hydrograph to provide the first estimate of model performance based on the 

simulated vs real hydrographs (Arnold et al., 2012).  

 

Scenario 1  

Causes: 

• Time of concentration too long, 

• Overestimation of overland 

surface roughness, 

• Difference slope representation 

than actual catchment condition.  

 

Scenario 2 

Causes: 

• Low base flow,  

• High surface flow.  

 

 
Figure 4.6 Difference in observed vs simulated hydrograph and relevant parameter 
adjustment techniques (SWAT, 2021). 
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Figure 4.7 depicts the initial predictions of SWAT. The mentioned figure shows 

that the initial SWAT model has runoff lag between observed and simulated 

hydrograph patterns, and along with that, it has over-predicted simulated 

discharge (Q) values. The following pattern had been ascertained. First, base 

flow is not captured well. Second, surface runoff is too high. Third, the runoff time 

of concentration is not accurately captured, and the response has an offset 

between simulated vs observed hydrograph. In order to calibrate the model, a 

few parameters were selected out from the numerous parameters that control 

the SWAT modelling environment. The parameters selected for sensitivity 

analysis and calibration are GW_DELAY, GWQMN, REVARMN, ALPH_BF, 

PNDEVCOFF, EVRSV, GWHT, RCHRAG_DP, and SURLAG. The description 

and details of the mentioned parameters are provided in section 4.5. 

 

Figure 4.7 SWAT model's simulated vs observed hydrograph (initial model run). 
 

4.5 SWAT-CUP: Sensitivity analysis for Eamont Catchment  

The model's initial performance is tested for the observed river station site, 

depicted in Figure 4.7. Based on model result interpretations discussed in section 

4.4 and guideline for model calibration & uncertainty analysis for the SWAT 

model (Abbaspour et al., 2017), the following model parameters have been 

shortlisted along with their boundary condition, absolute range (in case of 

boundary conditions are unknown and non-existent) ( 

Table 4.1).  
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Parameter Name Minimum value Maximum value 

GW_DELAY (groundwater delay in days) 0 5 

GWQMN (Threshold depth of water in the shallow 
aquifer required for return flow to occur in mm) 

3000 5000 

REVAPMN (Threshold depth of water in the shallow 
aquifer for "revap") 

50 100 

ALPHA_BF (Base flow alpha factor) 0 1 

PNDEVCOFF (Pond evaporation coefficient) 0 5 

EVRSV (Lake evaporation coefficient) 0 1 

GWHT (Initial groundwater height in m) 47 55 

RCHRG_DP (Deep aquifer percolation fraction) 0 1 

SURLAG (Surface runoff lag coefficient) 0.05 4 

 
Table 4.1 SWAT model parameters used for calibration and range of values 
considered for sensitivity & calibration. 

 

The model calibration is proceeded by the assessment of parameter sensitivity. 

The most influencing parameters have been identified that control the catchment 

hydrology in the sensitivity analysis. The sensitivity analysis guides eliminating 

the wrong parameter based on the degree of sensitivity of the model to an 

individual parameter considered in the sensitivity analysis. The contributions of 

a parameter to achieve the best simulation of catchment hydrology is shown in 

Figure 4.8 and based on P-value test parameters, namely GW_DELAY, 

GWQMN, RCHRG_DP, ENRVS are found to be sensitive to the Eamont 

catchment hydrology compared to the other parameters considered, which are 

mentioned in  

Table 4.1. 

The sensitivity of the model parameters is analysed based on p-value and t-stat 

analysis. The t-stat is primarily a coefficient of a parameter derived from multiple 

regression, divided by the standard error. Thus, the indication of parameter 

sensitivity can be analysed by dividing the coefficient of parameter and standard 

error when the reminder is high. The high value of the parameter in the t-stat is 

an indicator of parameter sensitivity. However, t-stat and p-value are 

inextricably related to each other, and the p-value is used to test the null 

hypothesis. The low p-value for a model parameter shows that the parameter 

considered in the model is meaningful. On the other hand, a more significant p-

value depicts that the model parameter does not influence the predictor variable 
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(discharge). Therefore, in the Eamont river catchment model, GW_DELAY, 

GWQMN, RCHARG_DP, ENRVS are sensitive to the predictor variable, while 

parameters such as REVAPMN, GWHT, SURLAG, PNDEVCOFF has low or no 

influence on the predictor variable. 

 

Figure 4.8 p and t-test for parameters considered in SWAT-CUP calibration 
programme. 

 

Numerous natural phenomena or parameter information are not available; thus, 

the parameter valuations are ascertained with sensitivity and calibration. If 

boundary conditions are not well defined with credible information for the river 

catchment, the parameter's realistic value range is replaced with absolute range. 

This calibration process can lead to false value adjustment at the end of the 

calibration process for the best simulation. Thus model calibration process is 

often a case of equifinality (Beven, 1989, 1993). Though, the calibration process 

significantly reduces the model's uncertainty level. (Huang et al., 2020). 

4.6 The calibration & validation process for the Eamont catchment  

The core of the calibration process is to minimise the difference between 

simulation and observed variables by iteratively adjusting the natural process 

parameters. The simplification of this process is depicted in Figure 4.5. The 

model tries to simulate regional settings in the model versus existing natural 

conditions for a river catchment. The calibration process tries to improve the 

objective function Nash-Sutcliffe (in the Eamont catchment) (D. N. Moriasi et al., 
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2007), and during the calibration process, other objective functions are also 

implemented because the single objective function may lead to calibration based 

on statistical nature (Gupta et al., 1998; Boyle et al., 2000). 

Based on mentioned guidelines and procedures, calibration is performed for the 

Eamont river catchment. The calibration for the best model simulation selection 

with the SUFI-2 algorithm with NSE objective function is achieved at 1500 

iterations, shown in Figure 4.9. The narrower 95PPU (green band in Figure 4.9) 

shows a lower difference between measured and simulated hydrographs. At the 

end of calibration analysis, the difference between measured and simulated 

hydrograph is progressively less prominent. Thereby, the calibration process 

helps determine the optimised parameter values in selecting the best simulation.  

 

Figure 4.9 Best simulation 95PPU plot obtained after calibration process. 
 

The fitted parameter values are established in the calibration stage (SWAT-

CUP) and updated back to the SWAT model, and the model is executed for the 

remaining discharge period, which is reserved for the validation of the model. 

In other words, validation of a hydrological is a process that predicts the 

observed discharge for which model is not calibrated. The model validation 

process would be successfully achieved if a model can maintain the prediction 

consistency for unseen data.   
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The Eamont river catchments model simulation is divided into two timelines. 

Figure 2.11 depicts gauging stations and dam daily water release stations. The 

earlier one is used to calibrate the model, and the remaining time series 

(observed discharge) is used for models' validation. The following table shows 

adjusted or optimised parameter values achieved during the calibration 

process. The P & R factors for the model calibration (1960 – 1975, Table 4.3) 

are 0.74 and 0.65. Moreover, for the second calibration (1975 – 2000, Table 

4.3) P & R factors are 0.70 and 0.59, respectively.  

Parameter Name Fitted value 

GW_DELAY (groundwater delay in days) 0.71 

GWQMN (Threshold depth of water in the shallow aquifer 

required for return flow to occur in mm) 
4860 

REVAPMN (Threshold depth of water in the shallow aquifer for 

"revap") 
52.7 

ALPHA_BF (Base flow alpha-factor) 0.087 

PNDEVCOFF (Pond evaporation coefficient) 0.35 

EVRSV (Lake evaporation coefficient) 0.20 

GWHT (Initial groundwater height) 54.51 

RCHRG_DP (Deep aquifer percolation fraction) 0.40 

SURLAG (Surface runoff lag coefficient) 0.70 

 Table 4.2 SWAT model parameters adjusted values following calibration process.
  
 However, it is recommended to employ an ensemble model calibration and 

validation approach (Velázquez et al., 2013) because the ensemble modelling 

approach offers better means to establish the model’s uncertainty (input 

parameters) (Giuntoli et al., 2015; Strauch et al., 2012). Ensemble modelling 

can be established with the various data input in a single model or within 

different modelling environments (Aryal et al., 2019; Krysanova et al., 2017). 

Additionally, model performance or accuracy can be evaluated with multiple 

statistical methods (D. N. Moriasi et al., 2007). On the other hand, solving model 

uncertainty is a computation-intensive process and requires specific software 

and hardware or suitability to perform parallel processing (Tristram et al., 2014; 

Herrera et al., 2022).  

 In spite of the mentioned advantages of the ensemble modelling approach, the 

current hydrological modelling (Eamont catchment) and its calibration are 

established with the single parameter set. The main reason for this limitation is 

the unavailability of inter-basin water transfer discharge value. Firstly, in the 

catchment, inter-basin water transfer volume is close to 570 million litre water 
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per day (approximately), though the transferred water volume can fluctuate 

based on supply and demand. Thus, inter-basin water transfer volume changes 

the Eamont catchment response, and it turns catchment’s natural processes of 

secondary nature. Hence, the inter-basin water transferred volume may induce 

high uncertainty in the model. Secondly, the SWAT-CUP model that is used for 

the SWAT model’s calibration was an evaluation version, and it has restricted 

the ensemble modelling approach. The evaluation version was locked for 

running the model in parallel processing mode, and the maximum number of 

iterations permitted were 2000. Except for the SUFI-2 algorithm, the other 

calibration uncertainty procedures named GLUE, ParaSol (Parameter 

Solution), MCMC, PSO (Particle Swarm Optimization) take more than 2000 

iterations to resolve the parameter uncertainty (Abbaspour, 2011, p. 15). 

Therefore, the current project uses a single parameter for the model calibration 

with the SUFI-2 algorithm.  

4.7 Result and Discussion 

In the Eamont river catchment models' calibration and validation stage, a few 

objective functions are considered R2 and NSE. However, there are missing 

years for which dam daily release observed data is not available. Therefore, the 

models' calibration and validation processes are divided into two timelines. The 

daily calibration and validation process is divided as per the following Table 4.3, 

and relevant figures for calibration and validation period are depicted in Figure 

4.10, Figure 4.11, Figure 4.12, and Figure 4.13.  

Time-step  Process  Time step (excluding warmup period of 6 years) R2 NSE 

1960 - 1975 Calibration 1966 - 1975 0.65 0.57 

1970 - 1980 Validation 1976 - 1980 0.79 0.65 

1975 - 2000 Calibration 1981 - 2000 0.63 0.68 

1995 - 2015 Validation 2001 - 2015 0.77 0.71 

Table 4.3 SWAT model calibration & validation statistics based on R2 and Nash-
Sutcliffe values. 
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Figure 4.10 Calibration for the year 1960 to 1975 excluding six years as warmup 
period. 

 

Figure 4.11 Validation for the year 1970 to 1980 excluding six years as warmup 
period. 

 

Figure 4.10 & Figure 4.11  show calibration and validation of the model for the 

first 15 years for the Eamont river catchment between 1966 and 1980. The R2 

and NSE (Nash-Sutcliffe efficiency) for calibration and validation period are 0.65, 

0.79 and 0.57, 0.65, respectively. The hydrographs for the first 15-year duration 
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shows the winter months peak discharge, and the peak value remained between 

160 and 300cms.  

 

Figure 4.12 Calibration for the year 1975 to 2000 excluding six years as warmup 
period. 

 

Figure 4.13 Validation for the year 1995 to 2015 excluding six years as warmup 
period. 

 

Figure 4.12 and Figure 4.13 covers relatively longer duration as model 

calibration, and validation is performed for 20 and 15 years, respectively. The R2 
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and NSE (Nash-Sutcliffe efficiency) for calibration and validation period are 0.63, 

0.77 and 0.77, 0.71, respectively. Thus, the SWAT model has performed 

satisfactorily. Though, it has slightly over predicted the storm Desmond's 

discharge values. 

The objective of the current study is to find a spatial and temporal response to 

barrier removal in small rivers. In order to solve the first objective, the SWAT 

model is implemented for distributed hydrological data development, and the 

model simulations were performed between the years 1960 and 2015 (excluding 

six years model warmup period).  

The results of the distributed hydrological modelling and its calibration with 

SWAT-CUP programme provides catchments hydrological data, and it has 

indicated that hydrological findings have correlations with the previous hydro-

climatic studies conducted for the Lake District region (Fowler et al., 2005; 

George et al., 2007; Wilby et al., 2008). The general trend of the hydrological 

data reveals a progressive trend in the hydrological response of the catchment, 

which shows the early years of 60 to 80s with normal peak discharge conditions, 

and the 90s decade was not much different from the early years. The peak 

discharge values were consistently below 300 (cms) for the mentioned period. 

Contrary to the 90s and previous decades, the hydrological event had shown 

significant changes in the next decade. The Eamont river catchment had 

experienced a few hydrological responses of high frequency and magnitude 

discharge between 2003 and 2015. Although, 2003-04, 2009-10 and 2015-16 

had experienced exceptional storm events, which caused havoc to the region 

considering property and infrastructure damage (Stewart et al., 2012; Miller et 

al., 2013; van Oldenborgh et al., 2015; Barker et al., 2016). A storm event named 

Desmond had occurred between 4 and 6 December 2015, and within 48 hours, 

an unprecedented volume of the downpour was recorded (Glover, 2015; BBC, 

2016). The approximate rainfall volume was estimated to be 1.5 trillion litres 

(Brown, 2020). A significant increase in peak discharge can disturb the 

equilibrium conditions attained in the past controlled discharge conditions and 

shift the sediment transport dynamics through water resources structures and 

their ability to trap sediments. It has emerged as a prime cause for geomorphic 
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change in such river catchment regions by shifting sediment transport and 

initiation of new sediment sources in the region. 

However, northern England's regional hydrological pattern changes are 

interpreted due to climate change (Stahl et al., 2010; Bell et al., 2016). It is 

estimated that annual average damage across England due to flood or peak 

discharge events would increase by over 150% by 2075 (Richardson, 2002). The 

climatic change would possibly disturb the mass budget or sedimentary 

processes, thereby resulting in geomorphic changes (Dankers et al., 2007; 

Chalov et al., 2019), which can adversely impact the riverine physical habitat 

(Coulthard et al., 2012), and consequently turns freshwater ecosystem in a 

vulnerable state (Domisch et al., 2013; Field, 2014; Domisch et al., 2017). 

However, hydrology and sediment river connectivity plays a crucial role in 

geomorphic and habitat transformation. The concept of connectivity provides 

insight to interpret the river dynamics and helps formulate river restoration 

management practices in understanding climate-driven impacts on the river 

environment (Wohl et al., 2018).   

Eamont River catchment receives the highest rainfall in the UK region and is 

known for the high frequency of peak discharge events (Black and Werritty, 

1997). The catchment shows variations in the geomorphic setup characteristics: 

slope, width, riverbed, sub-catchment size, and open lakes or reservoir storage. 

The geomorphology of the catchment act as a significant control on the 

hydrological response  (Beven, 1987). The various geomorphic, spatial 

conditions and seasonal variability are generally reflected in the catchment's 

hydrology and peak flow frequency. Although, the Eamont river catchment is also 

subjected to hydrological disturbances such as dams, weirs, inter-basin water 

transfer via an underground aqueduct. The Eamont river catchment's cumulative 

conditions, whether natural or manmade, brought the hydrological response of 

the catchment distinct than natural. 

In such a condition, assessing the catchment outlet hydrograph would not serve 

as an indicator of a diverse hydrological condition within the river catchment, 

especially in the upland river tributaries region of a river catchment (Marks and 

Rutt, 1997). For example, a mountainous river that receives high orographic 
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rainfall and at varying slope conditions would characteristically facilitate an 

intermittent extreme discharge (Mayes et al., 2006). The high-intensity discharge 

conditions reflect high carrying capacity and would move significant sediment 

volume to the downstream direction. However, when a mountainous river 

merges with an open lake like Ullswater, the upland river experiences diminished 

hydrological potential because hydrological energy dissipates at Lake & River 

confluence zone, and thus, it impacts sediments carrying capacity. 

Consequently, these confluence zones form long-term sediment sink spots 

within a river catchment.  

An enormous open lake like Ullswater that receives the intermittent high 

discharge from mountainous regions in the rainy season can tame the discharge 

fluctuations in the downstream river which is connected to the river. However, 

river tributaries that contribute significant discharge and sediments to the river 

system are located at the source region of the catchment and surpass the 

permanent sink like Ullswater. Moreover, sediment connectivity plays a 

significant role in sediment transport and geomorphic state of a river, where 

distributed hydrological conditions at river network scale act as an essential 

factor for dynamic equilibrium, and it is essential for geomorphological 

investigation for catchment management (Bracken and Wainwright, 2006; 

Bracken et al., 2013; Gurnell et al., 2016). 

In addition to that, the presence of dam and weir changes the catchment area 

(sub-catchment area) that contributes runoff to river sections, for instance, river 

reach. In other words, deviation from the natural reach division based on the 

geomorphic and obstructions leads to change in contributing area for sub-

catchment and resulting hydrological response at sub-catchment. Therefore, a 

semi-distributed hydrological model implementation that is parametrised with the 

high-resolution dataset and inclusion of known catchment processes would 

provide a better spatial-temporal hydrological behaviour, not just at the Eamont 

river catchment outlet but also its sub-catchments hydrological behaviour 

(Bouraoui et al., 2002; Leta et al., 2017). 

The cumulative period of calibration and validation (divided into two parts, Table 

4.3) of 50 years of hydrological simulation data is further used to find the 
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discharge percentile - Appendix A. for the CASCADE framework because it 

cannot process sediment transport at daily frequency data (CASCADE is of an 

instantaneous processing nature). However, based on the frequency of specific 

discharge scenarios, it can provide spatial-temporal variation in sediment 

transport and predict geomorphic change at the river network scale. 

Summary: 

The SWAT model has successfully established the Eamont River catchment’s 

long-term hydrological assessment. The model parametrisation and its initial 

response are analysed for the model calibration process. The calibration is 

performed with SWAT-CUP, and a few model parameters emerge as sensitive 

to model in sensitivity analysis in the calibration process. They are GW_DELAY, 

GWQMN, RCHARG_DP, ENRVS ( Table 4.2). The sensitivity of the parameters 

is analysed with a global approach along with t & p - test value comparison. 

Moreover, the model calibration is performed with the SUFI-2 algorithm because 

the SUFI-2 algorithm requires fewer iterations than other available algorithms 

GLUE, ParaSOL and MCMC. The calibrated parameters are then tested for the 

model performance for the remaining hydrological timeline covering the model 

validation process. The calibrated model or best simulation is achieved with 

objective functions. For the Eamont river catchment best simulation selection has 

been performed with R2 & Nash-Sutcliffe objective function. The values of R2 & 

Nash-Sutcliffe are satisfactory for the calibration and validation period of the 

model (Table 4.3).  

The chapter has highlighted the application of the distributed hydrological model 

and its calibration process for generating long term hydrographs at the river reach 

scale. The distributed hydrograph serves as a crucial input for CASCADE, which 

is integrated into the current project. The integration of the two models is based 

on SWAT models limitation (section 4.24.2) and CASCADE dependence on the 

external hydrological input data. This chapter is a progressive step for 

establishing and analysing dam or weir removal impacts at the river network 

scale. 
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  CASCADE Model: an introduction & its utility 

in weir removal analysis in a data-poor river catchment.  
  

The emergence of science regarding dam removal is considered a viable option 

to restore riverine ecological status by improving morphology and biodiversity. 

Dam removal influences river status and can be progressed from degraded to the 

restored state by attaining natural discharge and sediment transport regime 

(Tullos et al., 2014). Though, not all dam removal scenarios can be considered 

because a dam removal scenario may lead to excessive sediment introduction to 

the river network. The high sediment introduction or recurring pattern following a 

dam demolition can change the morphology and physical habitat condition (Fuller 

and Death, 2018). In the case of multiple dams and weirs in a catchment, the 

restoration of natural hydrological, sediment regime and fish migration is still be 

affected by the dams left intact following a dam removal activity.  

 

Regarding limited dam removal activity, dam removal benefits upstream-

downstream geomorphic, hydrologic and habitat conditions (Birnie‐Gauvin et al., 

2018; Hill et al., 2019; Sun et al., 2021; Hermoso et al., 2021). In the long-term, 

dam removal would bring the river system to the natural state and alleviate 

regional economy and riverine biodiversity, but these positive responses are not 

immediate. Sometimes a significant change emerges between 5 and 10 years 

(Foley et al., 2017; Gough et al., 2018).  

 

Since the longer time frame required to expect significant changes in the 

morphology of a river following a dam or weir removal. Therefore, modelling tools 

are employed to assess the prediction of likely change in the sediment transport 

pattern in a given river network (source to sink). In this research domain, the 

concept of connectivity in conjunction with sediment transport has provided 

additional insight for understanding connected sediment pathways and sediment 

dynamics (Pearson et al., 2020) and in muti-disciplinary domains (Turnbull et al., 

2018). Keesstra et al. (2018) have suggested that the connectivity concept’s 

implementation in the modelling environment provides better water and sediment 

regimes assessment. 
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In the earlier attempts to model landscape at the regional scale, for example, 

CAESAR -Community Surface Dynamic Modelling System (Coulthard, 2001; Van 

De Wiel et al., 2007; Coulthard et al., 2013) has paved the way for better process 

based sediment flux modelling. The CAESAR approach is based on cascading 

sediment flux transfer across the geomorphic subsystem connected in a 

hierarchical order (Schmidt and Preston, 2003). However, graph theory was not 

implemented in CAESAR (a landscape evolution model) to analyse the sediment 

flux transfer between geomorphic components. Other studies have adopted 

network analysis to explain sediment flux moment in a river basin as dynamic 

connections (Zaliapin et al., 2010; Czuba and Foufoula-Georgiou, 2014). They 

theorise the river network as nodes and edges represented sources and pathways 

to the outlet, attributed to geomorphic and hydraulic characteristics of the network 

to process water and sediment flux. 

 

The dynamic pathways for sediment flux can reveal the places of excessive flux 

entrainment and flux deposition in parts of the river; therefore, it can highlight the 

possible geomorphic changes (Czuba and Foufoula-Georgiou, 2015). Czuba et al. 

(2017) developed a sediment routing model, which has performed in-channel 

sediment transport and storage dynamics while the network is conditioned for 

transport limited and supply-limited conditions. The model has highlighted how the 

river network will impact riverbed sediment thickness over time. The previous 

development of sediment transport model gives rise to the mixed-size sediment 

transport model, which has implemented a hiding function, thus prioritising coarse 

grain movement over sand grain. Czuba (2018) explained a Lagrangian 

framework to analyse sediment movement from source to sink perspective 

considering a mixture of grain sizes (developed in MATLAB software). Pfeiffer et 

al. (2020) adopted the lagrangian model developed by Czuba (2018) and 

translated it into a Python-based open-source package, 

“NetworkSedimentTransporter”, with the additional components that process 

sediment density, bed-material abrasion and active layer thickness. 

 

However, many 2D & 3D models have limited capabilities at the network scales. 

For example, MIKE 21 is a non-cohesive sediment transport model; and its 
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application is regional and limited to tidal inlets, coastlines and man-made 

harbours bridges (Zavattero et al., 2016; DHI, 2021). Contrary, MIKE HYDRO (1D) 

model simulates bedload and suspended load calculations separately, and it 

needs a high amount of input parameters (DHI, 2022, pp. 245–246; Jahandideh-

Tehrani et al., 2020). However, it is a proprietary tool and unsuitable for the data-

poor region.  FaSTMECH sediment transport and morphologic evolution model 

accounts for bedload and total load by applying a simple gravitational correction 

and conservation of sediment mass. The model predicts local erosion and 

deposition rate for riverbed evolution (Nelson et al., 2010; Zhang et al., 2018). 

Though, FaSTMECH cannot be applicable to the river catchment scale because 

it processes a limited extant river (reach). Similar to the mentioned 2D 

applications, Nays2DH works on a local scale (Shimizu et al., 2014; Takagi et al., 

2019), and other as well, for example, Morph2D, NaysCUBE (3D), Mflow_02 (2D), 

EvaTRiP (Shimizu and Nelson, 2021). Although these 2D and 3D models cannot 

be held accountable for network scale sediment transport, they can be applicable 

for regional fish habitat conditions modelling. 

 

In a recent development, a network scale model named “Sediment Routing and 

Floodplain Exchange (SeRFE)” has been developed (Gilbert and Wilcox, 2020). 

SeRFE can address sediment entrainment, transport and deposition over the river 

network, and sediment exchange performed with the channel/floodplain storage 

through capacity/supply and sediment balance. In addition, it can analyse 

interruptions caused by the artificial structure for sediment regime. However, 

SeRFE has not implemented a hiding function accountable for sand gravel and 

their mutual impact on sediment transport, and it lacks a size-selective sediment 

transport model (Wilcock and Crowe, 2003). 

 

One of the critical advantages of network scale in-stream sediment transport 

models is that they can trace the source to sink sediment movement (mixed grain 

size). Thus, such models enable the modeller and decision-maker to strategize 

river restoration plans based on river network sediment dynamics. In addition to 

that, network scale, sediment transport model provides insight on the river 

confluence and its impact on sediment movement because much of the river 

confluence becomes a sediment storage zone that affects the habitat quality; thus, 
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sediment transport models in conjunction with sufficient ecological data can reveal 

network scale biodiversity controls (Rice, 2017).  

 

In the present study, a river network scale model - CASCADE (CAtchment 

Sediment Connectivity And DElivery) facilitates empirical sediment transport 

methods with graph theory; it provides network scale sediment connectivity. The 

selection of the CASCADE model is based on its parsimonious nature, which 

enables the modeller to simulate sediment dynamics in a data-poor region. Since 

the model is a 1D, CASCADE requires comparatively less data input than 2D & 

3D models. Additionally, the model’s source code is available to the modeller in 

the MATLAB environment, and it offers customisation for sediment routing 

equations. In the Eamont case study, CASCADE is integrated with the SWAT 

model for network pre-processing and input distributed hydrograph, while previous 

CASCADE studies relied on LISFLOOD and TopoToolBox for distributed 

hydrograph and river network extraction, respectively. 

 

5.1 Introduction 

The inception of the CASCADE model is rooted in the vital question linked to 

landscape evolution. Landscape evolutionary trends depend on aggradation 

degradation processes, and a landscape can be transformed based on the 

magnitude of transported sediments. However, sediment transport processes act 

on different spatial-temporal scales. Sediment connectivity in a riverine 

environment is influenced by the distance between source reach and connected 

sinks, the grain size of sediments in the source reach, river gradient, the hydrologic 

drag in different parts of the river network, sediment supply, and network topology. 

The concept of sediment connectivity at the river catchment scale is analysed 

using an individual cascading process termed “cascade ” in the earliest version of 

the CASCADE- a sediment transport modelling framework developed by Schmitt 

(2017). The CASCADE model extends the framework developed for sediment 

transport formulas in conjunction with graph theory, proposed by Czuba and 

Foufoula-Georgiou, (2014). By adopting and implementing the same principles, 

the CASCADE model performs sediment transport as an individual cascade, 

which is processed to provide insight for a specific source and connected 
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downstream sinks. The nature of entrained and transported sediment is controlled 

by transport capacity in different reaches. At the same time, aggregated 

information of sediments entering their respective sinks can elucidate sediment 

sorting, provenance, and magnitude of the sediment flux. Thus, interpreting 

sediment connectivity patterns among the source reaches, and multiple connected 

sediment sinks can also reveal sediment connectivity and dis-connectivity at the 

river network scale. 

Later, the CASCADE model was evolved by Tangi, 2018; Tangi et al., 2019a. 

Contrary to the old version, the recent CASCADE model has replaced an 

individual cascade process that utilised single grain size, and it has transformed 

the framework structure with the implementation of sub-cascades (each sub-

cascade is initialised with unique grain size) in each river reach. All the sub-

cascades are processed downstream with the same grain size, and the fate of the 

sediment transport is measured with the transport capacity. Other sub-cascades 

influence the transport capacity in the river reach. Thus, the entrainment, transport 

and deposition of the specific grain size are decided based on the transport 

capacity, magnitude, and presence of other sub-cascades.      

One of the novel advantages in the new CASCADE over earlier versions is that 

the grain size of sediments in the source reach or different parts of the river reach 

is defined by the user observed data. The field sampling methods or photo-

granulometric techniques can be employed for grain size input in the model. Thus, 

collected information of grain size sets the boundary conditions for sediment 

distribution over the river network, reducing uncertainty in the modelling 

environment. 

On the other hand, the previous version of CASCADE is implemented with a single 

gain per cascade determined by grain solver (Schmitt et al., 2016, pp. 19–20) 

(grain solver uses an empirical formula to determine the grain size under bankfull 

hydraulic conditions). A significant drawback of employing single grain size per 

cascade per reach is the overestimation of sediment flux since single grain size 

cannot represent grain size diversity in a reach. In other words, the assignment of 

finer grain size for a reach with higher transport capacity would result in sediment 

entrainment equal to transport capacity and overestimated the flux leaving the 
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reach. This shortcoming is addressed with a stochastic diagnosis of sediment 

supply, transport capacity and grain size for the initialisation of source reaches, 

with an inverse Monte Carlo approach (Schmitt, 2017, pp. 89–121). However, the 

importance of sediment size distribution has a significant influence on sediment 

transport process, and it has been proven in many studies (McLaren and Bowles, 

1985; Best, 1988; Bridge, 1992; Guillou and Chapalain, 2010; Lepesqueur et al., 

2019; Uchida et al., 2020).  

The CASCADE model has been parametrised with a spatially distributed sampling 

of non-cohesive gravel bed derived GSD measurements in the present study. The 

measurement has been performed with the drone-based hyperspatial image 

analysis (see Chapter 3:). In the previous CASCADE studies, grain size values 

were based on random selection and refined with an inverse modelling approach. 

In the second case study, the CASCADE network grain size was initialised with 

the expert’s opinion and sampled data (Liébault, 2003; Tangi, 2018, pp. 46–50). 

The present CASCADE implementation case for the analysis of weir and dams 

influence on sediment flux at the river network is implemented with observed grain 

size distribution.  

CASCADE model: an introduction 

CASCADE is a parsimonious model yet efficient enough to provide grain specific 

sediment flux at the river network. Additionally, the model determines the 

provenance of multiple sources of sediment and their contribution to the river 

network's various parts and the outlet. Thus, the model produces disaggregated 

entrainment, transport, and deposition information of sediments at the river 

network. 

The CASCADE model represents sediment delivery of an individual sediment 

transport process represented as a cascade. The individual cascade is attributed 

and initialised with a specific sediment grain size and sediment flow at the source 

reach. A cascade can deposit or transport part of the sediment load downstream 

or ultimately exhaust its sediment load when it reaches the river outlet. Multiple 

sources are activated for an individual cascade during the CASCADE model 

execution, resulting in disaggregated grain-specific sediment load information 
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(each source has a specific grain size assignment). Thus, its distribution across 

the river network can be processed and analysed.  

The graphical representation of the CASCADE model framework and the critical 

concept for the modelling approach is presented in Figure 5.1. The CASCADE 

modelling working concept begins at Figure 5.1A, which represents a river network 

of a case study catchment. The river network is presented as a direct acyclic graph 

consisting of river nodes and edges Figure 5.1B. An edge represents river 

reaches, and nodes are located at the confluence point, adjoining reaches, and at 

river sources. The river reaches, represented as edges in the CASCADE model, 

are assigned with a unique ID for each edge, and this ID becomes upstream node 

ID for each river edge (in case of outlet reach both upstream and downstream 

assigned with the same ID). The river network in the CASCADE model can be 

divided into equal-length based on a user-defined threshold or based on the 

geomorphological change in the river’s characteristics at the network scale. At the 

beginning of the river network in the headwater region, the main or tributary river 

holds a source node and connected reach termed source reach. In an acyclic river 

network in Figure 5.1B, the source reaches can be identified as reach number 1 

and reach 4, and respective source nodes are 1 and 4. The cascades have a 

distinct path that leads to a catchment outlet or end node of a river network. 

Multiple cascades in the downstream direction processing can remain active, 

shown in Figure 5.1D.  
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Figure 5.1 Graphical representation of CASCADE model framework (Schmitt et al., 
2016) 

 

The amount of sediment that a cascade can mobilise is ascertained by the 

transport capacity in the reach and the presence of other cascades in the same 

reach. The model uses two different standard sediment transport formulas, and 

a scaling function to process sediment multigraph into local-scale transport 

capacity (Czuba and Foufoula-Georgiou, 2014) for gravel (Wong and Parker, 

2006) for sand (Engelund and Hansen, 1967) explained in equation 5.2 & 5.6. 

The model requires a calculation of the available transport capacity in a reach 

 

 

A. River network subdivision in reaches, 

 

B. Graphic representation of the river 

network through nodes and edges, 

 
C. Sediment source identification, 

 
 

D. Graphic display of possible connected 

nodes, 

 

E. Transport capacity represented for 

respective grain in the river reach 

through line width, 

 
 

F. Competition corrected transport 

capacity, 

 

G. Sediment routing at river network 

scale, 

 

 

H. Sediment flux, provenance, sorting, 

and connectivity information is 

provided to each reach by an individual 

cascade flow through a crossing 

through a reach. 
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estimated with standard transport equations and geomorphic and hydrodynamic 

conditions.  

When transport capacity in the reach is limited, or the amount of sediment 

exceeds the required transport capacity, the cascade deposits the exceeding 

sediment load in the reach. Moreover, if grain size in a cascade cannot be 

entrained, then cascade can no longer contribute to sediment load downstream. 

On the other hand, when no new sediment load contributes to the reach section, 

sediment load will decline in the downstream direction Figure 5.1E (ii cascades).  

Multiple cascades in a reach cause energy redistribution, and less energy will 

become available for a cascade. The competition forces cascade down-graph to 

lose their sediment load and initiate sediment load deposition (visual 

representation of progressively less energy in downstream, which depicts the 

occurrence of multiple cascades to initiate the competition, due to which 

sediment load gets reduced and it is represented with progressively reduced line 

width in the Figure 5.1E & F). The sediment entrainment and deposition 

information for each cascade at the network scale provides insight into sediment 

provenance, sediment sorting, network scale deposition, and transported 

sediment flux data (Figure 5.1G & H) by adopting graph theory in the model. 

Thus, the CASCADE model simulation provides sediment connectivity and dis-

connectivity, which help determine the river fragmentation. The location of river 

erosion at river network scale with the incorporation and implementation of river 

obstructing structures has obstructed sediments' natural flow paths.  

CASCADE produces sediment flux information for a given discharge scenario as 

the CASCADE model is instantaneous. Each reach in the river network gets a 

unique discharge (Q) value. Because discharge at a reach scale is a function of 

morphological, topographic, and climatic variables of the sub-catchments 

prevailing conditions. The simulated sediment flux is measured in Kg/s, and it is 

calculated for different Q scenarios to estimate the sediment flux under various 

Q conditions. The various Q discharge scenario-based CASCADE simulation is 

performed to estimate sediment flux fluctuation for average and peak flow 

conditions. This version (2018) of CASCADE has been successfully 
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implemented to analyse sand connectivity and hydropower generation by 

strategically planning dams in the Mekong river basin (Schmitt et al., 2018a).  

5.2 Evolved CASCADE model 

In the first CASCADE model, each reach at the river network acted as a potential 

sediment source for entrainment, deposition, and transportation. This CASCADE 

model could only be initialised with a single grain size for each source reach and 

remaining reaches in the river network. The grain size estimation & validation were 

carried out with the Monte Carlo approach – an inverse modelling approach 

(Schmitt, 2017). However, in the previous version of the CASCADE model, a reach 

with higher transport capacity initialised with possibly wrong grain size would result 

in a higher erosion rate since the model is transport capacity limited, not sediment 

supply limited. Hence single grain size assignment for reach level parametrisation 

would oppose the existence of multiple grain-size sediments (in natural condition) 

at reach scale, and sediment yield at river catchment scale becomes difficult to 

model. However, it is established with inverse modelling when catchment-wide 

observed sediment yield is available. This approach can lead to the application 

interpretation purely on statistical measures. 

Addressing the mentioned issues with the older version of the CASCADE model, 

a few new changes are incorporated in the CASCADE model (2019 version) 

adopted to address the current research objectives. In the transformed version of 

the CASCADE model, the older approach of single grain assignment to a reach 

represented as a cascade is replaced with multiple grain-size sediment 

assignment to sub-cascades (Figure 5.2). Each sub-cascade has its specific grain 

size and sediment load, considering 18 sediment classes represented in 

Krumbein’s phi (Φ) scale. 
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Figure 5.2 New CASCADE model processing framework’s graphical representation 
(Tangi, 2018; Tangi et al., 2019b). Each cascade has sub-cascades with respective 
grain sizes.  

 

The determination of grain size for source reaches, and the remaining network 

reach plays a significant role in the simulation of credible results, thereby 

contributing to the model's accuracy. For this reason, the current approach uses 

drone-based gravel bed images to perform granulometric analysis to extract and 

feed the grain size information in the new CASCADE model.  

However, according to the prevailing hydrological conditions in each sub-

cascade, other cascades' presence and magnitude can activate a new cascade. 

Though, at the same time, some sub-cascades may remain inactive. The 

activated sub-cascades process downstream, while each sub-cascade interacts 



Chapter 5: CASCADE Model and its application in weir removal analysis. 

132 
 

with the same grain size sub-cascade of the downstream reach, Figure 5.2. 

During downstream direction processing, sub-cascades can deposit their 

sediment load. If all sub-cascades cease to process downstream, then a cascade 

will stop. 

The model uses the Wilcock and Crowe (2003) empirical fractional transport 

capacity calculation, which uses full-grain size distribution of bed surface grain, 

and grain size ranges between sand and gravel size fraction. Wilcock and 

Crowe’s fractional transport capacity has an improved hiding function than the 

previously published; it incorporates the effects of sand content on gravel 

transport rate. A previous study had revealed that the critical shear stress 

required for the motion of the grain varies for uni-size and mixed-size sediments 

(Wilcock, 1993). Hence, the fractional transport capacity calculation formula that 

considers full grain size range and its interaction with the other sediments proves 

to be a better approach for sediment flux estimation at the network scale. The 

model expects grain size distribution information in the reaches, 

geomorphological and hydrological distributed information at each reach present 

in a river network. 

The grain size classes considered in a sub-cascade get their transport capacity 

redistributed according to the incoming sediment load. For example, if incoming 

sediment load exceeds the transport capacity within a sub-cascade, then 

exceeding sediment loads gets deposits in that sub-cascade Figure 5.3 a. 

However, a cascade contains all grain sizes considered in its sub-cascades and 

cannot distinguish deposition process between grains of the same size entering 

from different sub-cascades. Therefore, the deposition process is distributed 

among the different grain sizes of the sub-cascade, and a sub-cascade will lose 

the same percentage of sediment load; as a consequence of that, a sub-cascade 

with a higher proportion of sediment load will deposit more than other sub-

cascade in the reach, a graphic representation of this case is depicted in Figure 

5.3. on the other hand, when transport capacity in the cascade is higher than the 

incoming sub-cascades, in such a situation, all the sub-cascades will cross the 

reach section without losing any sediment load, and sediment load will be equal 

to the remaining transport capacity, Figure 5.3b.  
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a) Graphical representation of deposition 

process in sub-cascades, while incoming 

sediment loads exceed reaches available 

transport capacity.  

b) Graphical representation of sediment 

entrainment process in sub-cascades, while 

transport capacity exceeds incoming 

sediment load. 

 
 Figure 5.3 Graphical representation of sediment deposition and entrainment 
process in a sub-cascade in the revised CASCADE model framework (Tangi, 2018). 

 

 

Figure 5.4  Depicting a numerical example describing sediment deposition to a sub-
cascade transporting same grain size class is entering a downstream reach lower 
transporting capacity than total sediment load entering the reach section (Tangi, 
2018). 
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Unlike the older version, the mobilisation of the sediment is not predetermined, 

where sediment classes were calculated with the inverse modelling. In contrast, 

the recent version establishes sediment mobilisation during the routing process, 

which includes reach’s geomorphological attributes and incoming sediment flux. 

The model is transport capacity limited rather than supply limited; hence the non-

supply limited nature of the model will continue to erode riverbed to supply 

sediments until available transport capacity is satisfied within a sub-cascade. 

Therefore, the sediment flux leaving a cascade is equivalent to available 

transport capacity in a sub-cascade, irrespective of cascade length or grain size 

distribution in the cascade. The transport capacity competition is evaluated 

among the active sub-cascades in the river reach, unlike the previous version, in 

which competition is calculated for specific grain size for a cascade (Tangi, 2018; 

Tangi et al., 2019b). 

The new CASCADE model allows sediment modelling to be performed at the 

sub-cascade level, which enables tracking the grain specific load and its 

interaction with downstream and river confluence points. Hence, the model 

tracks down the parts of the river which has a high rate of entrainment and 

deposition that results in the identification of connected sediment sources and 

parts of the river, which is disconnected to the river network (Schmitt et al., 2016; 

Schmitt, 2017; Schmitt et al., 2018a; Tangi et al., 2019b).  

The CASCADE model becomes a suitable tool for river restoration planning and 

tasks like gravel augmentation based on added advantages because the model 

provides insight regarding zones of extensive river erosion and deposition at river 

network scale by tracking the sediment connectivity and dis-connectivity caused 

by human interventions like dam and weir on the river course in an interactive 

software interface.  

5.2.1 Transport capacity determination 

The preferred transport capacity model was developed with mixed-size sediment 

transport of 48 flume runs using five different sand/ gravel sediment mixture 

sizes, and observations were made on sediment flow and transport. The model 

uses full-grain size distribution while the previous model has restricted sediment 

distribution to 2mm (Wilcock and Crowe, 2003) and measures the nonlinear 
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effect of sand presence on the bed of the river and its impacts on the gravel grain 

movement in the river. The gravel movement on the sand surface facilitates 

higher gavel movement in the river. Conversely, the sand movement on a gravel 

riverbed impedes sand grain movement because of the interstice space between 

gravels. The hiding function restricts the mobility of the smaller grain and 

increases coarser grains' mobility compared to the uni-size grain case. The 

hiding function implementation offers a variation of the reference shear stress 

that is a function of fractional grain size relative to the median size of the bed 

surface (Wilcock and Crowe, 2003). 

The mixed sediment transport model is generated based on the fractional 

transport rates, as observed in a surface-based empirical model (Parker and 

Klingeman, 1982), which states that a low flow can move sediments of all sizes 

at the transport event in a gravel river bed condition.  The Wilcock and Crowe 

equation is implemented at sub-cascade level; therefore, the equation is 

discretised for each reach for GSD available in the reach. The sediment flow 𝑄𝑏𝑖 

for sediment class 𝑖, and sediment flux calculated in unit 𝐾𝑔/𝑠 as the following 

relationship  

:  

𝑄𝑏𝑖 =
Fi𝑊𝑖

∗ (
𝜏
𝜌   )

1.5

(𝑠 − 1)𝑔
𝜌𝑠𝑊𝑎𝑐 

 

5.1  

In equation 5.1,  FI is the proportion of size 𝑖 on the riverbed surface in GSD; 𝑊𝑖
∗ 

is dimensionless transport rate for grain size fraction 𝑖, (5.2); 𝜏 is bed shear stress 

(5.5); 𝜌 and 𝜌𝑠 is density of water and sediment respectively values set to 1000 

𝐾𝑔/𝑚2 and 2650 𝐾𝑔/𝑚2; 𝑔 is gravity constant; 𝑠 is the ratio of sediment to water 

density and (𝑠 − 1) is set to 1.65; 𝑔 is gravity constant; 𝑊𝑎𝑐 is the active channel 

width of the reach represented for cascade and sub-cascade in the model (𝑚). 

The fractional transport rate 𝑊𝑖
∗ is derived from the following equation: 

 𝑊𝑖
∗  = 11.2(1 − 0.853/Φ0.5)4.5 5.2 

With Φ =  τ/τri , where τri is the reference shear stress of size fraction 𝑖, the 

implementation of hiding function and calculation of shear stress τri for grain 

fraction 𝑖 , and shear stress for median grain size is 𝜏𝑟𝑠50. The equation used to 

solve the τri is defined in the eq. 5.3.  The gravel-bed river like Eamont and for 
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the presence of sand hiding factor 𝛾 is set to 0.005. The 𝛾 value depends on ratio 

of  𝐷𝑖/𝐷𝑠50 and it is calculated as per Wilcock and Crowe’s suggested hiding 

function calculation equation.  

 
𝜏𝑟𝑖 =  𝜏𝑟𝑠50 (

𝐷𝑖

𝐷𝑠50
)

𝛾

 
5.3 

The shear stress formula for the median grain size 𝜏𝑟𝑠50 is estimated with the 

mathematical relation suggested by Mueller et al. (2005): 

 𝜏𝑟𝑠50 = (0.021 + 2.18 𝑆) (1650 ∗ 𝑔 ∗ 𝐷𝑠50) 5.4 

In the eq. 5.4, 𝑆 is the reach slope in meters (it should not be replaced with slope 

percentage, in case network processed outside the CASCADE model because 

most of the hydrological model uses slope percentage as slope unit even in 

SWAT).  

Bed shear stress is derived from equation 5.5, where 𝑛 is Manning’s coefficient 

of the reach and 𝑄 is discharge for the reach section and related to the specific 

hydraulic condition. 

 
𝜏 = (𝜌𝑔 (

𝑛𝑄

𝑊𝑎𝑐
)

0.6

𝑆0.7) 
5.5 

The adoption of graph theory and mixed sediment transport model like Wilcock 

and Crowe, which allows calculating fractional transport capacity for considered 

GSD in the river reach section, and along with hiding function that derives the 

required shear stress for considered grain 𝑖 in the sub-cascade, which prioritise 

simulation of bedload over-sand. This is a big leap in the CASCADE model 

development and facilitates the end-user’s analytical sediment transport 

simulation in a data-poor river catchment environment. 

The other transport capacity function (Engelund and Hansen, 1967) is explained 

in 5.6, where W transport capacity, 𝜌𝑠 and 𝜌 are sediment density (kg/m3), 𝑊𝑎𝑐 

is river width, 𝑣 mean velocity (m3/s), 𝑞 is discharge, 𝑆 is slope of the river reach, 

𝑅 hydraulic radius, 𝐷50 is sediment diameter.  

 

𝑊 = 0.05𝜌𝑠 +
(𝑊𝑎𝑐 ∗ 𝑣)2 

𝑞

(𝑆 ∗ 𝑅)
3
2 

√𝑔 ∗ (
𝜌𝑠

𝜌 − 1)
2

∗ 𝐷50

 

5.6 
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5.2.2 Grain size distribution in the river network 

The vital information required to parametrise the CASCADE model is the grain 

size distribution information at the river network scale. Moreover, grain size 

distribution information should be established for each river reach in the modelled 

river network in an ideal case. However, collecting sampled grain size 

information for each river reach is not possible because it is a time-consuming 

and tedious process, whether physical measurement or a photographic analysis 

of the riverbed non-cohesive gravel beds.  

In the previous CASCADE model approach, the grain size was estimated with 

inverse modelling (Schmitt et al., 2016), and the expert opinion-based GSD 

information used for modelling was performed at the catchment scale (Tangi, 

2018). However, in the current CASCADE model execution, a consumer-grade 

quadcopter drone is employed to get the hyperspatial images of the non-

cohesive gravel bed pictures taken at multiple heights from different angles, 

which is then processed in photogrammetric software capable of solving feature 

identification and the complex bundle stage with structure from motion (SFM) 

algorithm. It generates scaled images on which grain size measurements can be 

performed. Finally, an object identification software, BASEGRAIN (a MATLAB 

based tool), is used to perform digital image processing and edge detection 

filtering. Furthermore, a line sampling method is finally performed to develop the 

grain size fraction information for the sample image (Fehr, 1987). The technique 

and procedure are discussed in detail in chapter 5 for optical granulometric 

analysis for establishing GSD data at the river network scale. 

5.2.3 Model inputs 

The essential model input for the CASCADE model is a river network that should 

be a topologically corrected acyclic river network. The river network is further 

attributed with essential information to implement the graph theory and sediment 

transport modelling. For this reason, rivers characteristics such as 

geomorphological setup, observed or calibrated distributed hydrological 

information for each reach. Apart from the geomorphological and hydrological 

attributes, a few crucial inputs are supplied along the river network vector. The 

simplification of the river network for its interpretation and explanation, the river 
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network is represented. For example, it can have N number of reaches and 

considers C number of sediment classes.  

Acyclic River Network 

The river network representing an acyclic graph consists of reach node and edge, 

Figure 5.1B. In the MATLAB environment, the river network is identified as 

ReachData matrix, consisting of attributes represented as Nx19 (N is the number 

of reaches and 19 depicts the geomorphological, hydrological and topological 

attributes). Therefore, the matrix prepared for the CASCADE model processing 

is Nx19 (N rows and 19 columns). The 19 columns represent the following river 

attributes: -  

I. Unique reach identification code, 

II. River upstream node identification code (From node), 

III. Rivers downstream node identification code (To node), 

IV. Rivers mean slope between upstream and downstream node (m/m), 

V. Active river width for the reach section (m), 

VI. Distributed hydrological information (Q) for each reach or water discharge 

scenarios representative of low, average and peak flow conditions (m3/s), 

VII. Manning’s n value for the reach, 

VIII. River reach length (Km), 

IX. East coordinate of the upstream node (m) (projected coordinate system), 

X. East coordinate of the downstream node (m), 

XI. North coordinate of the upstream node (m), 

XII. North coordinate of the downstream node (m), 

XIII. Elevation of the upstream From node (m), 

XIV. Elevation of the downstream To node (m), 

XV. D16 or sediment size range of the cumulative 16% (m), 

XVI. D50 or sediment size range of the cumulative 50% (m), 

XVII. D84 or sediment size range of the cumulative 84% (m), 

XVIII. tr_limit or transport capacity limit (ranges between 0 and 1), 

XIX. Ad or drainage catchment area of the river reach.  
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The river network that consists of all the above mentioned geomorphological and 

hydrological attributes, which has a node and reaches hierarchy defined, is 

suitable for CASCADE pre-processing and network hierarchy definition step. 

Grain Size Frequency 

The river network carries grain size fraction information mentioned in the attribute 

number XV, XVI, and XVII for D16, D50, and D84. The D16, D50, and D84 

information are established as per the methodology defined in chapter 5.  

However, grain fraction information transformed into sediment class ‘C’ ( -9.5 to 

7.5 on phi scale,   

Table 5.1) using grain size distribution function, which transforms grain fraction 

(D16, D50 and D84) into grain size frequency within each reach according to 

sediment class in phi scale (𝚽) (Krumbein and Aberdeen, 1937), with the 

amplitude of  1 𝚽.  

𝐃(𝚽) -9.5, -8.5, -7.5,  

-6.5 

-5.5, -4.5, -3.5, 

-2.5, -1.5 

-0.5, 0.5, 1.5, 

2.5, 3.5 

4.5, 5.5, 6.5, 7.5 

Sediment 

type 

 

Boulder 

 

Gravel 

 

Sand 

 

Silt 

  
Table 5.1 Sediment classes considered in the CASCADE model that belongs to 
 Krumbein (𝜱) scale. 

 

The grain size frequency for sediment class C is based on median grain size 

fraction D50 with Rosin distribution (Shih and Komar, 1990b). The derived grain 

size frequency is used for transport capacity calculation for each sediment class. 

The Rosian distribution curve is implemented in the CASCADE model function 

as per the following equation:  

 𝐹 (≤ 𝐷) = 1 − exp[−(𝐷/𝑘) 𝑠] 5.7 

   

In equation 5.7, 𝑘 is the mode of GSD and 𝑠 is an inverse measure of the curve 

spread around D50 (Tangi et al., 2019b). The grain size frequency for each reach 

is stored in the matrix called Fi_r. The Fi_r matrix helps calculate sediment 

transport capacity for each sub-cascade present in the river network’s reach. 
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Although crucial yet optional inputs are mandatory for the model, external 

sediment flux information and its median grain size (in the case of landslide and 

sheet erosion information).  

𝑫𝒂𝒎𝒅𝒂𝒕𝒂 is Dx(C+1) matrix that contains the information for D dam in the river 

network for a node ID and contains the sediment trap efficiency for each 

sediment class.  

 𝒆𝒙𝒅𝒂𝒕𝒂 is an Sx3 matrix, where S is the external sediment flux. The three-matrix 

columns carry the following information: 1). Input reach node ID, 2). Sediment 

flux [Kg/s], and 3). Median grain size fraction information [D50]. 

Pre-processing  

This pre-processing section explains the basic network processing requirements 

to run the CASCADE model. This involves the extraction of the network (struct) 

by processing fundamental data input matrix ReachData. The network (struct) 

contains information regarding the river network’s connectivity. It stores 

upstream, downstream paths and distance between reach nodes, which creates 

a reach hierarchy for the river network. The network hierarchy determines the 

processing priority for each reach based on the number of nodes connected to 

upstream reach. Hierarchical information processed within a sub-function of the 

CASCADE model is named “graph_preprocesing”.  

Network Graph Processing 

The graph_preprocesing function derive the topological characteristics of the 

network and saves the result into a struct array named network, and it provides 

the following network information (as an array & struct) to be utilised by the 

CASCADE model: 

a) The struct array Diatance_Upstream stores each reach distance with other 

reaches and network sources; this information builds the hierarchal relationship 

within the river network. 

b)  The Upstream_Node struct array preserves the relationship of a reach with 

connected upstream nodes.  

c) The array named NH stores reach node hierarchy, and it enlists reaches 

according to the number of farthest nodes. 
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Figure 5.5 CASCADE model processing structure and folders contain model 
functions (Tangi et al., 2019b).  

 

The processing step adds crucial information which is being exploited for the 

sub-cascade processing hierarchy, but it is also essential for tracking and 

storing sediment provenance details. Thus, source reaches contributing 

sediments can be traced for a specific reach or catchment outlet.  

5.2.4 CASCADE sediment routing 

The sediment routing in the river network is performed within the main function 

called “main_script_CASCADE”. The function performs a number of tasks in a 

series. First, it starts processing the river network as mentioned in Network 

graph processing. Secondly, network hierarchy ensures sediment routing in the 

remotest reach is processed first, and the processing continues downstream 

until the river outlet. This hierarchical processing is also maintained for source 

reaches; therefore, changes in the sediment flux can be reflected in sediment 

routing, caused by incoming flux from a tributary to river confluence and its 

impact on the catchment outlet. 

Finally, in each river reach node, the amount of available sediment transport 

capacity is measured using the method and equations mentioned in section 

5.2.1, and it implies transport capacity measurement with Engelund and 
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Hansen, (1967); Wong and Parker,( 2006); Yang, (1984). The input for 

transport capacity calculation is provided by ReachData and Fi_r array matrix, 

which are river network and sediment frequency. However, the calculated 

transport capacity returns a single value, which is further processed to derive 

the fractional transport rate for the sediment classes considered. Finally, it is 

achieved with the fraction of total transport capacity available in reach by the 

Molinas formula (Molinas and Wu, 2000). 

The calculated sediment transport capacity can activate a new cascade and its 

sub-cascades if sediment flux is equal to the transport capacity of each 

sediment class in the sub-cascade. At the time of sediment routing, the 

incoming sub-cascade interact with the same sediment class sub-cascade in 

the downstream reach, and according to the transport capacity in the reach, the 

sub-cascade continue to move towards the outlet direction or deposit the part 

of the sediment load in a condition when incoming sediment flux exceeds the 

transport capacity in the reach section, Figure 5.3 & Figure 5.4. The available 

transport capacity is influenced by geomorphological and hydrological features 

of the reach, and therefore it is crucial to run the CASCADE with multiple 

discharge scenarios. To access the sediment transport under various flow 

stages.  

Moreover, impounding structures can also impact the sediment routing, and it 

is modelled as the capacity of an impounding structure to trap the sediment 

load (sediment trap efficiency ~ TE). Trap efficiency of a weir or dam structure 

can be established with the (Brune, 1953) or (Brown, 1943) and their proposed 

TE graph and mathematical relationships. The reason for selecting Brown’s 

method in the current model is explained in the detailed section of chapter 2.  

5.2.5 Model outputs 

The CASCADE model returns disaggregated grain size-specific sediment flux 

information for entrained and deposited sediment for the river network. The 

various output is provided with the execution of CASCADE, and the following 

are the output data structure and the kind of information they contain. 

𝑵𝒆𝒕𝒘𝒐𝒓𝒌 is a scalar struct that contains river network related information such 

as network hierarchy, reach distance to outlet and connected sources.  
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𝐑𝐞𝐚𝐜𝐡𝐃𝐚𝐭𝐚 is an Nx1 struct matrix that contains N number of reach and hydro-

geomorphological attributes.  

𝑸𝒃𝒊_𝒕𝒓 is the 3-dimensional matrix composed of NxNxC, where C is considered 

sediment class for reach N. A single cell-matrix cell contains sediment flux 

carried to Ny node by a sub-cascade originating at Nx node, specific sediment 

class C.   

𝑸𝒃𝒊𝒅𝒆𝒑  is also a 3-dimensional matrix NxNxC contains deposited sediments in 

the reach N. In which sediment flux deposited in the node Ny by the sub-

cascade originated at the node Nx for sediment class C.  

𝑸𝑩_𝒕𝒓 is an NxN matrix, this matrix reports total sediment flux transported by 

each CASCADE to each node, and it is calculated from summing up all the sub-

cascade in the 𝑸𝒃𝒊_𝒕𝒓 matrix.  

𝑸𝑩_𝒅𝒆𝒑 is an NxN matrix that reports the total sediment flux deposited by each 

CASCADE in each node. This is calculated by summing up all the sub-cascade 

in the 𝑸𝒃𝒊𝒅𝒆𝒑. 

𝑭𝒊_𝒓 is an NxC matrix addressing grain size frequency of the reach N for 

sediment class C. it is obtained by the subroutine ‘GSDcurvefit.m’ (Rosin curve 

function utilises D16, D50 and D84 grain fraction information as an input).  

The main outputs are produced with the execution of the primary function called 

“main_script_CASCADE.m”. It calls a subroutine CASCADE function, as 

following MATLAB script function. The main inputs are ReachData (matrix) and 

network (strut). 

 

[ Qbi_tr, Qbi_dep, QB_tr, QB_dep, Fi_r] = CASCADE_model ( ReachData ,  Network ); 

 

5.3 Implementation of weir in CASCADE  

The weir and dam impact the river processes at different scales considering the 

sheer size of hydropower project dam or diversion dam for agricultural 

requirements, which creates a massive reservoir and acts as an artificial sink 

in the river network. On the other hand, the high number of small dam structures 

present in Europe or elsewhere (small dams outnumber the massive dam 
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counts). For example, there are 630,000 small dams present in Europe, and 

the estimated number is beyond 1 million (Belletti et al., 2020; Zarfl and Lehner, 

2020). The level of river fragmentation caused by small dams trap the moving 

sediments and act as a barrier for fish migration.  

In contrast, numerous small dams, weir or other water resource engineering 

structures have never been reported on the continent-scale until AMBER - an 

EU funded by Horizon 2020 research and innovation project initiative that led 

to developing the first barrier such atlas for Europe. The AMBER atlas reveals 

river fragmentation in the UK (Jones et al., 2019) and Europe (AMBER 

Consortium, 2020). Though the development of this atlas and water resource 

engineering structure merely provides how much humans had tried to modify 

the natural river course and bring back the river to a natural condition, dam 

removal is gaining popularity among river restoration engineers and river 

ecologists (Wildman, 2013).  

In the Eamont river catchment, the main structures that fragment the Eamont 

river and its main tributary, the Lowther River, are dam and weir structures. The 

hydro-morphological changes brought to the river system by small dam or weir 

by altering sediment regime, and sediment erosion and deposition pattern must 

be analysed with numerical modelling (Csiki and Rhoads, 2010, 2014). The 

current project is an effort to address these issues at the network scale with 

CASCADE, yet the crucial information which CASCADE uses to model the 

impacts of weir and dam on sediment regime by tracing grain specific sediment 

flux is sediment trap efficiency of the weir and dam structure.  

The trap efficiency changes for different sediment sizes for a reservoir; hence, 

TE's value is adjusted for the Eamont river catchment weir and dams for the 

implications of a dam or weir removal scenario development and river 

fragmentation reduction. The CASCADE model would reflect the impact of the 

weir and dam removal in terms of erosion, deposition and entrainment following 

the removal or case of placement of a weir on the river network. The 

implementation of TE calculation and parametrisation of dam, weir TE values 

is discussed in 2.6.2. The details of CASCADE model implementation and 

results interpretation are covered in Chapter 6.  
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5.4 Model performance testing  

The bedload sediment transport is variable and complicated to estimate in a 

modelling environment. It is not just bedload sediment transport modelling, but 

any natural environment in the physical model simulation requires high-quality 

data input and observed values, which can be used to assess model 

performance or model calibration. The observed results contribute to adjusting 

the model parameters for physical environmental parameters to attain a model 

state that can reasonably predict the simulated result proximate to the observed 

one.  

The current study area is in northwest England, and its bedload and suspended 

sediment transport values are not available. There is no comprehensive 

sediment dataset available for British rivers (Walling and Collins, 2005). 

Therefore, model sensitivity and calibration with a reasonable confidence level 

in the CASCADE modelling is not direct. Thus, in the Eamont river catchment, 

GSD data is established with drone images. GSD data become a crucial input 

for the CASCADE parametrisation, which is the first time in the CASCADE 

implementation history that GSD data developed with extensive catchment 

hyperspatial images granulometric analysis. However, the model performance 

testing can only be validated with the observed values, or any past empirical 

model or equation for the basin is in concern. Providentially, an empirical 

bedload estimation relation is proposed by Sear and Newson (1991), and they 

had sampled many sites in England to formulate an empirical relationship. The 

relationship is used in the bedload transport studies (Wishart et al., 2008), and 

it is accepted for the river catchment more than 100km2  for the English region. 

 𝐵𝑒𝑑 𝑙𝑜𝑎𝑑 (𝑡𝑜𝑛𝑛𝑒𝑠 /𝑦𝑒𝑎𝑟) = 2.5 ∗ 𝑎1.16 5.8 

The relationship eq. 5.8, where 𝑎 catchment area and measured in unit  𝐾𝑚2.  

The emipirical relation is used to test the CASCADE model performance, and 

the model has never over predicted the bedload transport value even under 

extreme discharge conditions observed at the time of storm Desmond. 

Considering that bedload transport models are prone to overestimate the bed 

load values, the current CASCADE model parametrised with calibrated 

distributed discharge, drone-based GSD and network attribute proves to be 
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better conditioning the model for sediment flux fluctuation followed by weir 

removal under various Q scenarios.  

Summary:  

The proliferation of river course obstructing structures globally and Europe has 

degraded the river geomorphic and ecological sanctity to an extent where 

current ecological status reached an alarming stage. If the new dam 

construction continues to be promoted, which will put ecology and biodiversity 

at risk, there will be no return because the plant’s biodiversity is declining at a 

staggering pace. However, despite the awareness of what kind of benefit 

biodiversity offers for the planet and humans, specifically, the freshwater 

ecosystem is most degraded at present, and it has been revealed by the living 

planet index survey and UN reports.  

One of the primary reasons for the biodiversity declining trend in river 

fragmentation is also exposed in the AMBER barrier atlas and, according to 

AMBER assessment, which causes hydrological, sedimentological, and 

ecological imbalance (for example, barrier to migratory fish). 

In recent times barrier or dam removal emerged as one of the fastest river 

restoration tools but not every barrier is economically suitable for removal 

activity. However, many barriers fall into the obsoleted category and pose a risk 

if not removed. The question is which barrier should be removed on a priority 

basis of degradation they have brought to the freshwater ecosystem. A possible 

solution is proposed in the current charter that has implemented a sediment 

transport modelling framework named CASCADE. The implementation of 

CASCADE facilitates sediment transport at the river network in a data-poor river 

catchment. Comparing it to the advanced sediment routing simulation models, 

the CASCADE model emerges as a better selection. One of the crucial rational 

to implement the CASCADE is the model’s ability to combine empirical 

sediment transport formulas in conjunction with graph theory; thus, network 

scale sediment entrainment, transport and deposition of the sediment flux can 

be assessed. In addition to that, the CASCADE has considered the river reach 

as a cascading process, which in the recent version takes account of the 

Krumbein phi scale (ranging between silt and boulder and representing an 18-

grain size fraction per reach, which is represented as sub-cascades in the 
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CASCADE modelling environment). Thus, the modelling environment facilitates 

a more realistic river reach sediment representation in the model compared to 

the previous version, which only considered the single grain size per cascade 

per reach. Finally, the model has preserved the river network hierarchy before 

and during the simulation. Thus, the model can deliver the grain specific 

sediment flux interacting with the river downstream hydro-morphological 

prevailing condition. This has resulted in sediment provenance and grain 

specific deposition and transport information. Weir and dam’s presence on the 

river network can be analysed, which helps the modeller formulate strategic 

planning for the assessment of most damage causing river obstructing structure 

(it is discussed in chapter 6, which covers model execution in the Eamont River 

catchment).   

This chapter has highlighted the parsimonious CASCADE model and its 

modelling framework with added advantages. Though, it also focused on the 

efforts being made compared to previous CASCADE models studies. It has two 

significant advancements regarding model parametrisation with the photo-

granulometric data over the river network and its integration with the SWAT 

model for the hydrological input. On the other hand, the river network processed 

in each modelling environment is identical, which has the advantage of 

seamless data exchange between the two models, and it has bypassed the 

CASCADE models dependency on the toolbox called TopoToolBox. However, 

the TopoToolBox tool has its advantages when models like SWAT or other 

hydrological models are not utilized for the extraction of river network, for  

CASCADE model. In conclusion, integrating the two-modelling environment 

has proven its potential to deal with dam or weir removal strategic planning in 

the data-poor river catchments (for explanation and results, see chapter 6). 
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Chapter 6: The adaptive management approach for 

prioritising barrier removal with SWAT-CASCADE Model 

Simulations in the Eamont river catchment. 
 

6.1 Introduction 

Adaptive management is recommended for natural resource management and 

environmental decision making while the level of associated uncertainty is extreme 

(Walters, 2007). Climate change and its impact on biodiversity need urgent 

management strategies to reduce the expected ecosystem loss (Battin et al., 

2007; Bálint et al., 2011; Jaeger et al., 2014; Pires et al., 2018; Kapoor, 2021). 

Globally, the adverse impacts of climate-driven disasters and ecosystem 

degradation are not common phenomena that can be overlooked. Human 

influences are posing significant adversity to the management solutions. In such 

conditions, adaptive management of natural resources and environment seems to 

be the way forward that is structured with a learning by doing approach (Peterson 

et al., 1997; Tompkins and Adger, 2003, 2004; Viney et al., 2007; Tanner-

McAllister et al., 2017).  

 

Figure 6.1 The iterative process of adaptive management characterised as 
'Learning by doing', adopted from (Allen et al., 2011; Summers et al., 2015).   
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Adaptive management favours and focuses on adopting alternate methods 

hypotheses, implementing the solution and observing the finding to reduce the 

knowledge gap and improve the existing solutions. Thus, constant assessment of 

the implemented solutions and their feedback contributes to better research 

outcomes and policymaking.  

Adaptive management's fundamental nature is learning by doing or observing 

actions; outcomes can sometimes be time-consuming. However, natural 

processes take years to indicate any significant outcome, especially in the riverine 

environment. Hence, it becomes challenging to adopt management approaches 

considering the research project’s required time frame. In such cases, modelling 

can be a beneficial tool because models are based on abstracted reality and 

mathematical relations and algorithms explaining the physical environment. 

However, a decision-making approach based on adaptive management must be 

scrutinised based on the scientific justification; therefore, careful selection of the 

model's ability and its validation ensured further regional applicability and 

adaptability (McLain and Lee, 1996).   

Dam or weir removal studies can take longer to reveal distinct geomorphology and 

ecological recovery (Mahan et al., 2021). Also, fish passage facilities on various 

dams are not always adequate; thus, dam or weir removal is gaining momentum 

that requires multiple years of monitoring (Poulos and Chernoff, 2021, p. 350; 

Wippelhauser, 2021). Sometimes ecological recovery is faster than geomorphic 

recovery following a dam removal (Tullos et al., 2014). In such uncertainty, 

ascertaining geomorphic changes following a barrier removal, a numerical model-

based solution can significantly improve decision-making (Branco et al., 2014; 

Warrick et al., 2015; Foley et al., 2017; Schmitt et al., 2018a).  

6.2 Sediment flux's spatial-temporal response scale in an 

impounded river network 

Human impact on global sediment flux is enormous, and it distinctly puts the 

Anthropocene apart from other geological epochs (Syvitski and Kettner, 2011). In 

order to balance the negative impacts caused by human beings, it is 

recommended to restore sediment flux pathways and employ the modelling tools 

to restore the sediment and water connectivity (Zanandrea et al., 2021). In the 
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current analysis, we are trying to solve the same by addressing the first objective 

of the research project, "what are the temporal and spatial response scales of 

impounded channels to barrier removal".  To formulate the analysis scenarios two 

different years had been selected that represent hydrograph information, each 

representing flood year and year of normal discharge conditions in 2015 and 2011, 

respectively. 2015 represents the extreme rainfall event experienced by the 

regional river catchments in the documented hydrological history. Hence the 2015 

and 2011 hydrograph will represent transported sediment flux under the extreme 

discharge and standard conditions at the river network scale.  

The yearly hydrographs are processed to get the q-percentile discharge scenarios 

because the CASCADE model is instantaneous and can process single discharge 

conditions at a single processing instance. Thus, the model has been executed 

for the q-percentile discharge class and the annual frequency of the class. Later, 

annual sediment flux is obtained by adding the values under each scenario (Tangi, 

2018, pp. 26–28) with the CASCADE model's function script_annual_simulation.m 

(Tangi et al., 2019a).  

 

Figure 6.2 Dam and weirs locations on the river Eamont and Lowther. 
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Weir / Dam id 

Cobble’s TE 

(0.99%) 

Gravel’s TE 

(90%) 

Sand’s TE 

(70%) 

Silt’s TE 

(60%) 

River  

4 0.36 0.33 0.25 0.22 Eamont 

8 0.59 0.53 0.41 0.35 Eamont 

10 0.37 0.33 0.26 0.22 Eamont 

13 0.69 0.62 0.48 0.41 Eamont 

20 0.71 0.64 0.5 0.43 Eamont 

22 0.49 0.44 0.35 0.30 Eamont 

33 0.42 0.38 0.29 0.25 Eamont 

35 0.19 0.17 0.13 0.11 Lowther 

46 0.30 0.27 0.21 0.18 Eamont 

52 0.82 0.74 0.57 0.49 Lowther 

77 0.23 0.21 0.16 0.14 Eamont 

78 0.41 0.37 0.28 0.24 Eamont 

90 0.44 0.4 0.31 0.26 Lowther 

92 0.99 0.99 0.99 0.99 Lowther 

95 0.46 0.41 0.32 0.28 Lowther 

101 0.55 0.49 0.38 0.33 Lowther 

108 0.39 0.35 0.27 0.23 Lowther 

117 0.95 0.86 0.67 0.57 Lowther 

128 0.55 0.49 0.38 0.33 Lowther 

129 0.33 0.30 0.23 0.20 Lowther 

144 0.99 0.99 0.99 0.99 Lowther 

156 0.16 0.14 0.11 0.09 Lowther 

 
Table 6.1 Estimated Sediment Trap Efficiency for weir and dams in the Eamont 
River catchment, measured with Brown's equation. 

 

During the simulation period, all dams and weirs are considered for their sediment 

trap efficiency and their location is depicted in Figure 6.2. The estimated sediment 

trap efficiency is reported in Table 6.1, and it is measured with Brown’s equation 

in 2.6.2. Table 6.1 contains the weir id and measured trap efficiency of cobble, 

gravel, sand and silt particles. Brown’s equation returns a single value for the bulk 

sediment trapped by a dam or weir structure. Therefore, an assumption is implied 

for the different grains trapped proportion. Thus, trap efficiency for cobble is 

assigned 99 per cent of the total estimated value, gravel 90 percent, sand 70 

percent, and silt 60 percent, respectively. The percentage measure is the fraction 

of the total estimated trap efficiency. Hence, gravel sand and silt trap efficiencies 

proportion are inferred values. For example, in Table 6.1, weir id 95 depicts trap 

efficiency of 0.46 percent for cobbles that is equivalent to the total estimated, and 

its 60 percent value 0.28 assigned to the silt particle's trap efficiency. However, 
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trap efficiency values kept the same for different grain in the case of two big dams 

named Haweswater and Wet Sleddale dams, identified as 92 and 144, 

respectively, in Table 6.1.  

The execution of the CASCADE model is performed with different transport 

capacity empirical formulas (Engelund and Hansen, 1967; Wilcock and Crowe, 

2003; Wong and Parker, 2006; Yang, 1984) and hydraulic features estimation 

formulas (Manning et al., 1890), hydrologic solver (Schmitt et al., 2016). Especially 

in annual sediment flux estimation, multiple combinations of transport capacity 

formulas and hydraulic parameter estimation formulas have predicted higher 

values for sediment flux (transport, entrained and deposited). However, the 

combination of Yang's unit stream power equation and Manning – Strickler 

resulted in sediment flux estimates close to the empirical equation’s derived 

sediment estimates for U.K. catchments (Sear and Newson, 1991), in Table 6.2. 

The Sear and Newson’s had gathered different river catchments sediment data 

and proposed an empirical relation among the river catchment and sediment load, 

for UK’s River catchment.  

Equation 5.8, for the Eamont catchment, the value of 𝑎 is 396.2 Km2. Therefore, 

the estimated annual bedload of 2579 tonnes/year. The CASCADE model’s 

performance is assessed based on the simulated sediment flux estimated under 

low and high discharge scenarios Table 6.2 & Table 6.3.   

 

Table 6.2 CASCADE simulation under low discharge. It justifies the combination of 
Yang’s unit power equation and Manning-Strickler, which produces the sediment 
flux within the range predicted by Sear & Newson’s equation.  
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All 
Weir/Dams 

Wilcock 
and 

Crowe 

Engelung 
and 

Hansen 
Yang 

Wong 
and 

Parker 

Manning - 
Strickler 

Iterative 
hydraulic 

solver 

Deposited 
Flux 

Entrained 
Flux 

Transported 
Flux 

✓   ✓  ✓  1189.45 0.00E+00 4520.60 

✓   ✓   ✓ 1185.7 0.00E+00 4607.08 

✓    ✓ ✓  1086.79 0.00E+00 5969.47 

✓  ✓   ✓  1441.72 0.00E+00 6999.03 

✓    ✓  ✓ 1465.44 0.00E+00 9077.65 

✓ ✓    ✓  2.05E+03 0.00E+00 1.50E+04 

✓  ✓    ✓ 1.97E+03 0.00E+00 1.86E+04 

✓ ✓     ✓ 2.45E+03 0.00E+00 2.38E+04 
 
Table 6.3 CASCADE simulation with different transport capacity formula and hydraulic feature estimation and its impact on sediment 
flux at the catchment outlet, while no weir/dams removed (simulation performed with peak flow conditions). 
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The execution of CASCADE for the 2011 hydrograph and generated results 

analysed for sediment flux transported, entrained, and deposited for gravel class 

(-5.5 to -1.5, Φ scale). The figures for sediment flux transported, entrained and 

deposited are depicted in Figure 6.3, Figure 6.4, and Figure 6.5, respectively. The 

tributary river Lowther has contributed a slightly higher amount of sediment flux in 

the entrainment and deposition stage, while the Eamont river system transported 

more sediment flux.  

 

Figure 6.3 Annual sediment flux transported (Kg/year) at the Eamont river network 
in 2011. 

 

The amount of sediment flux transported is higher for the headwater reaches for 

the Eamont and Lowther rivers, while the low relief parts of the catchment 

contributed less. The amount of sediment is similar in terms of entrained sediment 

flux because of the higher slope, narrower reaches and high transport capacity in 

those reaches. 
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Figure 6.4 Annual sediment flux entrained (Kg/year) at the Eamont river network in 
2011. 

 

The high amount of deposited sediment flux occurred in lakes, reservoirs, and low 

relief areas. However, the location of dams and weirs on the river network has 

affected the deposition of sediment flux. 

  

Figure 6.5 Annual sediment flux deposited (Kg/year) at the Eamont river network in 
2011. 
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Second, annual sediment flux estimations were performed with the q-percentile 

hydrograph extracted from the yearly distributed simulation 2015 (SWAT output). 

Similar to the 2011 scenario, the 2015 results were extracted by the CASCADE 

function (script_annual_simulation.m). An identical sediment frequency matrix Fi_r 

is utilised in both cases, corresponding to the GSD for each grain class in the Φ 

scale. Thus, it ensures that under both q-percentile hydrographs, each reach has 

the same grain size.  

The amount of transport, entrained, and deposited sediment flux for 2015 

remained higher than in 2011, attributed to the extreme rainfall that led to the storm 

Desmond extracted q-percentile hydrograph (Figure 6.6, Figure 6.7 & Figure 6.8). 

However, a high amount of sediment flux cannot be verified because no validation 

sediment data is available for the catchment. In the annual sediment flux 

estimation process, CASCADE simulation has predicted a similar spatial trend of 

sediment flux movement under transport, entrained and deposited flux remained 

the same between 2011 & 2015. 

  

Figure 6.6 Annual sediment flux transported (Kg/year) at the Eamont river network 
in 2015. 

 

The similar spatial distribution of sediments could be attributed to the enormous 

lake Ullswater on river Eamont, which acts as the ultimate sink for all the 

sediments carried by the headwater reach. 
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Figure 6.7 Annual sediment flux entrained (Kg/year) at the Eamont river network in 
2015. 

 

On the other hand, Lowther has a second big artificial lake or Haweswater 

reservoir in the catchment. It diverts the significant portion of runoff generated in 

the headwater region and relocates it to meet the Manchester city municipal and 

industrial water requirements. Lowther catchments low relief reaches originate at 

the relatively low slope region and have low transport capacity. Thus, under 

different hydrograph scenarios, catchment sediment flux has shown a similar 

spatial distribution of sediment flux pattern. However, all the dam and weirs 

present in the catchment were considered for the simulation 2011- & 2015-year’s 

q-percentile hydrographs, which is the actual case scenario because, until 2016, 

no physical removal of the weir was performed. One of the weirs named Carlton 

had been removed in mid-2016 (B.B.C., 2016); it was located before the 

confluence of tributary Lowther and in the downstream part of the Ullswater lake, 

Figure 6.18. 
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Figure 6.8 Annual sediment flux deposited (Kg/year) at the Eamont river network in 
2015. 

 

The sediment flux proportion contributed to the catchment outlet by River Eamont 

& tributary Lowther is slightly different for the annual simulation of the year 2011. 

Comparatively, the Lowther River has entrained and deposited more sediment flux 

than the Eamont river due to a higher river gradient than for the longest 

unobstructed river course in the catchment.  

On the other hand, the river Eamont has transported a marginally higher sediment 

flux than Lowther. Because source reaches of the Eamont river contributes high 

flow and sediments from the peak elevation zone of the catchment. The 

geomorphic setup provides a high gradient compared to the remaining region of 

the catchment, and it ensures a fair share of transport capacity in the headwater 

reaches, for the Eamont river, depicted in Figure 3.3. The mentioned spatial 

pattern of sediment flux distribution and its proportion between Eamont & Lowther 

remained similar in the annual sediment flux estimates for the year 2015.  

The CASCADE model has revealed the sediment flux transport, deposition and 

entrained at the network scale by analysing sediment connectivity established with 

varying transport capacity and competition among sub-cascades. However, 

predicted and observed sediment rates deviate at peak flow conditions, depending 

on competent discharge frequency or recurrence interval. In addition, river 

characteristics influence sediment transport rate (Nash, 1994), and the absence 
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of observed sediment data can hamper performing parameter sensitivity and 

model calibration analysis. An annual sediment flux assessment involves time-

averaged sediment flux value addition. Therefore, to find the best weir removal 

scenario or removal prioritisation, it is better to rely on the CASCADE model's 

ability to process the instantaneous sediment flux movement along with sediment 

trapped by the structures. This analysis performs sediment routing for the whole 

range of sediment classes distributed in 18-grain sizes (-9.5 to 7.5 Φ) of the 

Krumbein phi (Φ) scale.   

6.3 Prioritisation of barrier removal in the river network? 

The project's second objective is to develop the barrier removal scenario in the 

European rivers, declared as the most fragmented rivers on the planet. Since the 

extent of the problem is enormous and it cannot be dealt with a site-specific 

modelling solution. However, a modelling approach that can analyse the 

catchment processes at the river network scale would serve as a case study for 

the region. One of the remarkable problems in the weir removal scenario 

development is that simply removing a weir may not produce expected results. 

Since a river network could be affected by the multiple cascades of weir structures, 

and thus weir removal scenarios must be accountable for the other weir or dams 

present on the river network and their mutual impact.   

The current case study analyses sediment flux movement in the Eamont river 

catchment with multiple weirs and their ability to trap incoming sediment (trap 

efficiency) and the impacts they can cause downstream at the catchment outlet. 

The model simulation and sediment flux analysis were performed beyond one 

year's hydrograph (flood or drought year); thus, fifty years of hydrological 

information have been converted to a q-percentile hydrograph. It has represented 

the Q scenario recorded in the last fifty years for the Eamont river catchment.  

The analysis of the weir removal is performed with switching between different 

weir combinations;  the CASCADE model analyses instantaneous sediment flux 

movement and bedload transport that transforms the river morphology are 

episodic nature (Walling et al., 2000) suits the scenario development criteria. 

However, there are 22 weir and dams, and many combinations can be possible 

concerning their location in the catchment, Figure 6.9.   
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Figure 6.9 Locations of dams and weir considered in the CASCADE for the Eamont 
River Catchment and reach id. 

  

To simplify the weir removal scenario and at the same time required the number 

of simulations to trace weirs accountability with spatial as well as their trap 

efficiency. Therefore, the river network is divided into quadrants based on the 

weirs' relative location in the Eamon River catchment. The first quadrant covers 

the Eamont rivers headwater regain located in the catchment's southwest part. 

The second quadrant covers the Lowther rivers headwater region, and it is in the 

Southeast. The third & fourth quadrants are in the Northwest and Northeast parts 

of the catchment, respectively (Figure 6.10), and they represent the low relief river 

course of the Eamont and Lowther rivers.  
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Figure 6.10 An imaginary line dividing the Eamont river catchment into four 
quadrants (q1, q2, q3 & q4). 

 

Different weirs are analysed for their impact on catchment sediment flux by 

switching weir or virtual weir removal scenarios. Since weir removal combinations 

can be numerous thus, we started assessing the weir removal scenario for the 

different catchment quadrant (q1, q2, q3 & q4). In the first instance, the weir 

removal scenario is analysed for the Eamont river course downstream of the 

Ullswater lake region, represented by quadrant - q3. This quadrant has weirs 

situated between elevation 153 and 116m and has a flat gradient. The various 

weir removal scenarios for this quadrant have shown distinct sediment flux 

changes under each q-percentile discharge class, in Table 6.4. However, the weir 

in this region has low sediment trap efficiency. 

Nevertheless, progressive removal of weirs discloses increased sediment flux 

transported at the outlet. A scenario representing complete removal of all five 

weirs (id 22, 20,13,10,4) has allowed maximum transported flux. However, the 

different weir removal scenarios show a significant change in sediment flux, but 

the optimal solution for quadrant 3 (q3) would be complete removal of weir id 

22,20,13, 10 & 4 and leaving weir 33 in place; this combination provided the 

second-highest value for transported flux at the catchment outlet, Table 6.4. Thus, 
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it ensures maximum sediment connectivity for Eamont’s downstream river section. 

Crucially, weir 33 is an important site that measures river gauge information and 

a critical hydrological analysis location that measures water release from Ullswater 

Lake.   

Progressively, the Eamont river headwater region is considered for the weir 

removal scenario and the Ullswater lakes downstream river, representing the 

entire Eamont river course (q1 & q3, Figure 6.9) excluding tributary Lowther. By 

executing CASCADE under weir removal scenarios for this region. It has shown 

no distinct change in the sediment flux at the catchment outlet and follows 

transported flux pattern similar to the quadrant 3 (q3) weir removal scenarios. 

However, when all weirs are removed for quadrant id 1 and 3, it shows slightly 

increased flux at the outlet. Although, this could be attributed to the inability to fully 

parametrise the Ullswater lake depositional environment with an average depth of 

25.3m, 14km length and water volume 219657965m3. Ullswater Lake acts as the 

ultimate sink for sediments carried by Eamont river headwater reaches.  

We further extended the weir removal scenarios to the tributary Lowther rivers 

headwater region, quadrant 2 (q2) represents it. In this region, two major dams 

are in operational status, and they store, divert a significant volume of water 

(Haweswater and Wet Sleddale Reservoirs represented by dam id 92 & 144 in 

CASCADE, respectively, in Table 6.1). Economic importance and cost involved 

for two dams; thus, it is impractical to propose the complete removal of two dams, 

while other weirs can be selected for removal as they offer means for improving 

sediment connectivity in the remaining river course of the Lowther River. To 

assess the weir removal scenario for the headwater region of Lowther, we kept 

the weirs in place for quadrants 3 & 1 or the Eamont river course. 
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Figure 6.11 High deposition of sediment flux in the headwater region of the river 
Lowther, while all dams & weirs are in place. 

 

Figure 6.11 depicts the sediment flux deposited during the simulation of 

CASCADE under peak flow conditions, and all the dams and weirs are considered 

at the time of CASCADE simulation. The high sediment flux deposited in the 

Haweswater, and Wet Sleddale reservoirs reach sections and the downstream 

river's immediate flat valley bottom.  

In a different scenario, only Haweswater and Wet Sleddale were in place during 

the CASCADE simulation, excluding weirs in quadrant 2 (q2). The peak discharge 

scenario remained similar while all weir along with major dam analysed. Figure 

6.12 shows the increase in the deposited flux; however, it has no impact on the 

transported flux to the catchment outlet (reach id 6). 
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Figure 6.12 High deposition of sediment flux persisted, while all weirs removed and 
Haweswater, Wet Sleddale are considered in the CASCADE simulation. 

 

The explanation for the weir removal scenarios depicted in Figure 6.11 & Figure 

6.12 can be justified with the sediment connectivity (source to sink). The sediment 

delivery from the headwater region of river Lowther to the catchment outlet is low 

because of sediment dis-connectivity. Sediment connectivity in the Lowther River 

is depicted in Figure 6.13, which shows that the unobstructed headwater reach 

attains maximum sediment connectivity in the Lowther, and tributary reaches that 

joins the Lowther River in the low relief part of the catchment.  



Chapter 6: Adaptive management of weir removal. 

165 
 

 

Figure 6.13 Source reaches supplying sediment flux to the catchment outlet (reach 
6) under peak flow condition, sediment sources for reach 6 explains the sediment 
connectivity.  

 

  

Figure 6.14 Source reaches supplying sediment flux to the catchment outlet (reach 
6) under normal flow condition, while no weir or dam removed in CASCADE 
simulation.  
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Our analysis depicts the very high sediments flux transported and deposited at the 

catchment's outlet, Figure 6.13; however, it represents the CASCADE simulation 

under peak flow conditions. Contrary to that, sediment flux transported, entrained, 

and deposited under the normal discharge conditions shows reasonably good 

estimates Figure 6.14, which align well with an empirical relation proposed by Sear 

and Newson (1991). The resultant sediment flux is displayed in Table 6.4, which 

shows the impact of weir removal combinations at the river Eamont’s outlet.  

Before the quadrant 4 (q4) analysis, located in the low relief part of the Lowther 

River, the sediment connectivity (source to sink) has highlighted crucial 

information, which is depicted in Figure 6.13 & Figure 6.14, and illustrates sources 

supplying sediment flux to the outlet under peak and low discharge conditions, 

respectively, in which no weirs but Haweswater, Wet Sleddale dam considered. 

These figures outlined sediment connectivity in the figure's upper right parts, 

explaining the sediment connectivity.  

 

Figure 6.15 Sediment connectivity to the catchment outlet under low flow 
condition, all weirs removed. 

 

Similarly, removing all weirs in the Eamont & Lowther catchments is executed in 

the CASCADE model at the low discharge condition, represented in Figure 6.15. 
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The last three weir removal and discharge scenarios (Figure 6.13, Figure 6.14 & 

Figure 6.15) analysis have set out a clear sediment connectivity pattern in the 

catchment. It has facilitated the weir removal scenario task by providing the fact 

that it is the Lowther tributary that contributes more sediments to the catchment 

outlet. Table 6.5 represents the weir removal analysis for the Lowther River. 

We further extended this and scrutinised it under not just peak or low discharge 

but with the q-percentile (81.1%) discharge. The model execution shows whether 

it has a deviation from previous scenarios performed for the whole catchment 

along with q4. Figure 6.16 illustrates that discharge conditions beyond normal flow 

ensure sediment connectivity between distant tributaries and outlet reach. 

However, the below-normal discharge state in the CASCADE simulation has 

shown limited connectivity between the far end headwater region and outlet reach 

(Figure 6.14). The weir removal impacts for the quadrant q4 and q2 regions that 

cover the tributary Lowther River catchment, depicted in Table 6.5.  

  
Figure 6.16 Sediment connectivity to the catchment outlet under peak flow 
condition,  while all weirs were in place. 

 

Unquestionably, many combinations of weir removals could be possible in 

conjunction with different transport capacity and hydraulic parameter estimation 

formulas. The earlier mentioned weir removal model execution that explains 
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connectivity alteration scenarios is performed with the CASCADE models script 

(connectivity_alteration_assessment.m), conditioned with transport capacity 

equation Wilcock and Crowe and hydraulic parameters estimated with Manning – 

Strickler formula.  
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Weir Removal Scenario (part 1) 

 
Table 6.4 Weir and Dam removal scenario for the Eamont River course – quadrant 3 (q3). 
     

 

Eamont 
river 

 Downstream Region 
Discharge (m3/sec) 

 
1.98 2.4 3.53 6.41 12.84 33.51 95.64 217.87  
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33,22,20,13,10,4  3.73 6.46 17.3 58.25 180.18 719.74 2732 7045 

33,22,20,13,10,4  3.73 6.46 17.3 58.25 170.82 719.74 2732 7045 

33,22,20,13,10,4  3.73 6.46 17.3 57.55 124.78 577.46 2623.51 6632 

33,22,20,13,10,4  3.73 6.46 17.3 48.49 103.48 496.66 2310.66 5959 

33,22,20,13,10,4  3.73 6.46 17.3 46.64 99.11 480.09 2246.54 5821 

33,22,20,13,10,4  3.73 6.46 17.3 43.64 91.94 453.14 2114.45 5.503E+10 

33,22,20,13,10,4  3.73 6.46 17.3 50.99 109.23 518.73 2368.4 6050 

33,22,20,13,10,4  3.73 6.46 17.3 58.25 154.64 714.06 2732.21 7042 

33,22,20,13,10,4  3.73 6.46 17.3 55.52 122.15 563.47 2526.68 6367 

33,22,20,13,10,4  3.73 6.46 17.3 44.89 96.83 475.7 2195.02 5733 

33,22,20,13,10,4  3.73 6.46 17.3 46.62 99.79 481.31 2217.84 5717 

33,22,20,13,10,4  3.73 6.46 17.3 47.71 101.5 489.4 2254.82 5806 



Chapter 6: Adaptive management of weir removal. 

170 
 

Weir Removal Scenario (part 2) 

 Lowther River 
Discharge (m3/sec)  

 2 2.4 3.5 6 13 33.51 95.6 217.9  
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(Headwater region) (Downstream)  

144,129,117,108,156,92,90,95,101 35,52 3.73 6.46 17.32 43.6 91.94 453.14 2114.45 5.50E+03 
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144,129,117,108,156,92,90,95,101 35,52 3.73 6.46 17.32 43.6 91.94 453.14 2114.45 5.50E+03 

144,129,117,108,156,92,90,95,101 35,52 3.73 6.46 17.32 43.6 91.94 453.14 2114.45 5.50E+03 

144,129,117,108,156,92,90,95,101 35,52 3.73 6.46 17.32 43.6 91.94 453.14 2114.45 5.50E+03 

144,129,117,108,156,92,90,95,101 35,52 3.73 6.46 17.32 43.6 91.94 453.14 2114.45 5.50E+03 

144,129,117,108,156,92,90,95,101 35,52 3.73 6.46 17.32 43.6 91.94 453.14 2114.45 5.50E+03 

144,129,117,108,156,92,90,95,101 35,52 3.73 6.46 17.32 43.6 91.94 453.14 2114.45 5.50E+03 

144,129,117,108,156,92,90,95,101 35,52 3.73 6.46 17.32 43.6 91.94 453.14 2114.45 5.50E+03 

144,129,117,108,156,92,90,95,101 35,52 3.73 6.46 17.32 58.3 91.94 580.0124 2523.7 6.50E+03 

144,129,117,108,156,92,90,95,101 35,52 3.73 6.46 17.32 58.3 128.19 580.0124 2523.7 5.50E+03 

144,129,117,108,156,92,90,95,101 35,52 3.73 6.46 17.32 43.6 128.19 580.0124 2114.4 5.50E+03 

 

Table 6.5 Weir and Dam removal scenarios for the Lowther River headwater and downstream river course – quadrant 2, 4 (q2 & q4). 

Index  
  Dam & weir included for scenario   

  Dam & weir removed for scenario  

  Deposited sediment flux 

  Discharge scenario 
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6.4 Which removal scenarios can lead to predictable 

improvements?  

Finding the solution to the predictable habitat improvement is not a straightforward 

solution. That is attributed to the uncertainty in the required time to have significant 

improvement in morphological and ecological conditions, and it requires repetitive 

monitoring for a longer duration. In the Eamont river catchment, a  single weir 

named Carlton was proposed and taken out (B.B.C., 2016). Since the catchment 

had 22 weirs and dams before construction, the amount of trapped sediment by 

different structures over the years is not available. Therefore, the impact 

assessment on river morphology and physical changes cannot be direct. However, 

the low availability of fine sediments in the northwest river catchments in England 

shows riverine ecology suitability, while small weirs impact the river course 

(Quinlan et al., 2015). 

The human impact on river characteristics are complex and may require 

monitoring at different spatial-temporal scale (Barquín Ortiz and Martinez-Capel, 

2011). New technologies and their deployment at the river catchment scale may 

be preferred (Hedger et al., 2006; Woodget et al., 2015, 2017; Gracchi et al., 2021; 

Lang et al., 2021). Applying such technologies at the river network scale requires 

an extended research period. Moreover, technologies must address the multiple 

aspects of the river, which are hydrology, geomorphology, ecology, and 

biochemistry. Therefore, understanding the different aspects of rivers and their 

interdependence, including processing scale, plays a crucial role in river 

restoration planning (Polvi et al., 2020). The disparity between observed and 

modelled data at different scales as catchment, reach, and sub-reach may not 

directly facilitate river restoration. 

Since in this research project, we have focused on catchment hydrology (SWAT 

model), grain size distribution analysis (Drone photogrammetry and 

BASEGRAIN), and sediment transport modelling by establishing the sediment 

connectivity & dis-connectivity pattern in an in-stream environment (CASCADE 

model). However, the lack of sediment records and spatial-temporal differences in 

the biological sampling (NFPD – national fish population database). Hence, it is 

preferred to rely on the concept of respective geomorphic diversity, river dynamics 
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& sediment dis-connectivity for river restoration planning (Brierley and Fryirs, 

2009) as river connectivity ensures a healthy riverine ecosystem (Minshall et al., 

1985; Kondolf et al., 2006; Nilsson et al., 2017). Sediment transport regime 

balance is beneficial for the riverine ecosystem (Wohl et al., 2015a). The negative 

impacts induced by the dam removal actions can release a hyper-concentrated 

pulse of sediment recovered in months or with years (Wilcox et al., 2014). 

However, a small weir in a gravel-bed river cannot release hyper-concentrated 

sediment pulse because of their limited trap efficiency, especially for fine-grain 

sediments, and it is evident in the present case study area.  

The step required to restore habitat connectivity, sediment and hydrological, and 

lateral connectivity will improve instream habitat and nutrient and water quality 

improvement (Roni et al., 2008). The CASCADE model implementation has solved 

and provided the regions of dis-connectivity (Fryirs, 2013) due to natural and man-

made conditions; however, the dis-connectivity addressed in the CASCADE 

model is of longitudinal dimension only. This seems to be a limitation in the 1D 

model, but at the same time, 1D models are efficient to process and solve the 

connectivity issue at limited data and computation power requirements. Adaptive 

management requires quick solutions to be tested and assessed their practical 

efficiency. We propose the CASCADE solution to access the sediment 

connectivity and delivery results to be implemented for habitat quality 

improvements.   

The presence of two massive dams on river Lowther that provides maximum 

sediment flux to the catchment has undoubtedly changed the river process and 

forms, attaining former river condition impractical in the current situation (Dufour 

and Piégay, 2009). However, river restoration efforts should be directed towards 

better ecological conditions instead of past reference conditions. The river can 

self-maintain once it is allowed to flow free of river obstructing structure. For 

example, a part of the Mareit river in province Bozen-Bolzano, Italy, Figure 6.17 

illustrates the benefits of freeing the river's course and preserving the longitudinal 

connectivity. 
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Figure 6.17 River restoration along the Mareit River, Italy. 2005 prior restoration 
(right), and 2010 after restoration (left). Source : (Wohl et al., 2015b).  

 

The river restoration works must consider the catchment scale, not just the reach 

or part of the river section (Ogston et al., 2015; Wohl et al., 2015b). The process 

and methods must involve the restoration of longitudinal connectivity with the 

perspective of sediment delivery and their importance to reintroducing nutrients 

and grains that sustain the physical habitat for the benefit of the riverine ecosystem 

(Wilcock, 1997; Kondolf et al., 2006; Lane et al., 2008; Kondolf et al., 2014b). In 

general, river restoration works have been implemented to achieve specific goals 

(sediment management, physical habitat, water quality, flood protection), and 

implemented actions may have a fair amount of uncertainty, considering 

geographic, climatic diversity (Wohl and Merritts, 2007), though testing river 

restoration action will lead to improved scientific knowledge (Wheaton et al., 

2008).  
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The lack of sufficient sediment and ecological monitoring data with the spatial-

temporal resolution is a primary problem in the present case. Thus, it is preferred 

to extend the CASCADE driven sediment flux and delivery information to address 

the final objective of the research thesis that covers the fundamental driver 

(sediment delivery) of the river's physical habitat and ecological status. Since 

sediment delivery in terms of transport, entrainment, and deposition at suitable 

parts of the river environment establish suitable habitat distribution abundance 

(Wohl et al., 2015a).  

Why it is necessary to maintain sediment connectivity for the longest stretch of the 

river course, and before barrier removal, the upstream and downstream barriers 

should be considered (network-scale assessment)?  

In the previous paragraphs, it is learned that much of the sediment flux transported 

by the tributary river Lowther. However, a single physically removed Carlton weir 

was located on the Eamont river (before removal in 2016), Figure 6.18. In addition 

to that, Eamont rivers' transport flux gets deposited in the Ullswater lake. Thus, 

the lack of entrained and transported sediments depicted by the weirs situated in 

the low relief parts of the river, have an insignificant geomorphic footprint. Though, 

the low trap efficiency of downstream area weirs is an additional cause.    

 

Figure 6.18 Carlton weir was located on river Eamont before the confluence with 
Lowther River. 
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In 2016 and previous years, the Carlton weir's backwater effect can be traced on 

satellite images until immediate upstream weir named Eamont weir (Figure 6.19). 

The backwater can affect a longer part of a river stretch because of two reasons 

flat river gradient and barrier height. The riverbed elevation difference between 

Carlton and Eamont weir is 4m, while the distance between the two weirs is 740m. 

Thus, it represents a flat riverbed and long backwater imprint.      

 

Figure 6.19 The Carlton weir and an upstream Eamont weir in the year 2009. 
 

However, following the removal of the Carlton weir in mid-2016, a few distinct 

geomorphic changes have occurred in the river course between the Carlton and 

Eamont weir sites. A mid-channel bar emerged at the Carlton weir removal site, 

and it could be attributed to the gravel and boulder accumulation in the immediate 

upstream stretch of the Carlton weir. However, there are places between the two-

weir site where side channel bars have emerged due to lower water depth and 

relatively fast-moving water current (in the absence of any river obstruction till 

catchment outlet). Although there is no significant geomorphic change beyond the 

Eamont weir and upstream river because the river is under consistent flow (low 

fluctuation) conditions; thus, the same river forms persist, Figure 6.20.  
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Figure 6.20 Illustrate that the Carlton weir was removed (in 2016), and geomorphic 
changes were observed in 2018. 

 

The key finding of the image-based analysis illustrates and suggest that future 

barrier removal work should be executed with the consideration of weir position 

on the course of the river with respect to other barriers present in the river network. 

It is crucial because weir or dam demolition work is an economic, political, and 

social issue. Therefore, the most fragmented rivers in the European region and 

other parts of the world should execute dam or weir demolition with a goal "How 

to maximise the river restoration and ecological benefits?". This question will 

require detailed river hydrogeomorphic history and sediment transport modelling 

to find a reasonable answer in the different geographies and climatic regions.   

Therefore, the Carlton weir removal scenario justification is simulated in the 

CASCADE model-based solution to find the sediment delivery fluctuation in pre 

and post removal scenarios. The model has been executed for two different cases, 
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first representing Carlton pre-removal scenario analysis in CASCADE Figure 6.21, 

and in second Carlton weir removal scenario analysed Figure 6.22.   

 

Figure 6.21 CASCADE model execution considering the existence of Carlton weir 
(pre-removal scenario). 
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Figure 6.22 CASCADE model execution of Carlton weirs post-removal scenario. 
 

Both Carlton weir pre-removal and removal cases show no major sediment flux 

transport or deposition changes; however, a significant contribution of sediments 

supplied by a tributary river ‘Dacree Beck’ in both scenarios.  

The trap efficiency Table 6.1 and weir removal scenario Table 6.4 provide crucial 

information regarding which weirs would be considered for removal activity. 

However, the sediment flux at the catchment outlet remains constant under normal 

discharge conditions unless sediment routing and weir removal are performed 

under peak discharge. Weirs present at the confluence between Eamont and 

Lowther rivers obstruct the maximum volume of sediment under peak discharge 

simulation. The core reason for such an outcome can be attributed to the 

riverbed's low gradient and high roughness. Thus, the removal of the weirs located 

at the river confluence zone can be prioritised for the removal activity. Since this 

is region falls into the flood-prone zone; thus, a hydro-dynamic justification would 

empower this reasoning. 

The sediment routing analysis performed in sections 6.3 and 6.4 is based on 

sediment grain size range between -5.5 and -1.5 Φ scale. However, the 
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CASCADE model performs sediment routing for the whole grain size defined at 

the time of model parametrization, while the model’s UI can quantify the range of 

sediment modeller wants to analyse.  

It is recommended that future river restoration or barrier removal cases be 

thoroughly analysed in sediment connectivity tools for removal case planning, and 

its execution emphasises freeing up the longest river stretch. Additionally, the 

impact of upstream and downstream barriers on the river network scale must be 

given utter importance. However, it is unscientific to discard the coherent research 

approach between biology and ecology. As our united approach is directed 

towards preserving the loss of diversity that is receding at an alarming rate, and if 

it continues to decline at the current rate, humans will get affected in the future too 

because we are just a part of Earth's ecosystem, and everything is intricately 

connected.  

Summary:  

This chapter can be summarised as an attempt to address sediment transport and 

spatial-temporal dimension within the Eamont river catchment. Though grain size 

is predominantly coarse grain gravel; thus, much of sediment transport is episodic. 

It is complicated to refine the temporal dimension in the bedload dominant 

sediment, however with the sediment connectivity tool, it is possible to infer the 

river reaches that are responsible for entrainment transport and deposition at the 

river catchment scale, under different discharge scenarios, representing low, 

average, and peak flow conditions. The second case represents an analysis of 

barrier removal prioritisation scenario development at the river network scale, 

which is impounded by the multiple barriers of various sediment trap efficiency. 

The CASCADE model was simulated for multiple scenarios to find which barrier is 

affecting maximum sediment flux moment, and on a priority basis, that barrier 

should be removed. An integrated approach that analyses biology, the water's 

ecology and chemistry should be adopted in an ideal case. However, those 

application requires more comprehensive monitoring, and it takes a longer time 

frame to find fruitful results. For the final objective, CASCADE is simulated to 

develop a removal scenario that will improve the physical habitat. A single physical 

removal in the catchment has provided information to test CASCADE models 
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efficiency. Through weir removal case, satellite image-based interpretation and 

cross-validation with the sediment connectivity and delivery tool, and CASCADE 

model simulation-based results recommend restoring the longer river course. In a 

nutshell, multiple-barrier impacts should be analysed at the river network scale. 

Model simulation finding has reaffirmed that any piecemeal river restoration efforts 

will go in vain unless the approach addresses catchment or network scale issues 

(Clarke et al., 2003).  

The present case study recommends sediment connectivity tools to be 

implemented as an effective adaptive management planning tool; however, our 

model could not be calibrated and validated due to the lack of sediment data, 

though it should not be considered as a bottleneck issue (Czuba et al., 2017; 

Ancey, 2020b). 

In reference to the CASCADE model calibration and validation perspective, it is 

complicated to perform validation with just an empirical equation. However, the 

models performance for its efficiency is tested and represented in Table 6.2 & 

Table 6.3. In low, average discharge conditions model has performed well within 

the limits of empirical equation estimates. On the other hand, sediment flux value 

deviation under peak flow conditions could have been validated if the observed 

data used for the formulation of the empirical equation were accessed for the 

catchment region. 

Apart from the data limitation and its availability, a different approach could be 

used, which would be based on the single observed parameter that is grain size 

distribution data (drone derived information). The model calibration can be 

established with the inverse modelling approach, which is based on the 

assignment of different grain-size in an iterative fashion in a river network and 

continue to test model performance until the model performs well within the limits 

of empirical equation estimates. Similar approaches are reported for CASCADE 

model calibration. The model is initialized with a single grain assignment for a 

reach (Schmitt et al., 2016, 2018a), while multiple grain size assignment is used 

for a reach or sub-cascade (Tangi, 2018) by inverse stochastic characterization of 

sediment sources.   
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Figure 6.23 93% collapse in migratory freshwater fish populations in Europe - new 
report (W.W.F., 2021). 
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Chapter 7: Thesis summary and future perspectives 
  

7.1 Future directions  

 An integrated current modelling approach is still far from providing the complete 

picture or answering all the issues regarding the impacts of multiple weirs and 

dams on river habitats. However, this research has provided some helpful 

insight for quantifying sediment transport in the river system subjected to 

intense human pressure.  

 Better hydrological quantification  

 As mentioned, the Eamont river catchment's hydrology is heavily impacted by 

river obstructing structures such as dams and weirs. The quantification of 

multiple weirs on hydrology should be modelled. However, the large variety of 

weirs and specific discharge measurement formulas limit relevant impact 

assessments. Similarly, the discharge of weirs has never been measured; thus, 

it is complex to establish their influence on the downstream river. Finally, the 

quality of the small dam’s database required for such tasks has often been 

insufficient. A small dam database, the “AMBER atlas”, has accomplished an 

enormous task to estimate the number of weirs in the European rivers, and it 

has provided crucial input for the CASCADE model.  

The Eamont rivers’ water is exploited via inter and intra basin transfer, which 

includes transferring water between the Ullswater lake, Haweswater Reservoir, 

Wet Sleddale reservoir to the Manchester city via underground aqueduct. A 

private company manages the inter-basin transfer scheme, and real-time water 

transfer data is unavailable in the public domain. If this data is accessible to the 

modeller, then a proprietary hydrological model would be adequate to access 

their hydrological footprint on the catchment hydrology. In the present case, the 

approximate daily water transfer values are used.   

 Improved GSD data 

 The current river catchment and most of the U.K. River catchments lack 

sediment records at the catchment outlet, including suspended and bedload 

quantification. However, the current study establishes the grain size distribution 
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information at the river network with a drone and optical granulometry 

implementation, which uses an indirect method to interpret the similar 

morphological condition at the river network scale. Thus, the sampled river 

morphotype’s grain size data is assigned to the unknown or unsampled part of 

the river. The established grain size distribution information at the river network 

scale is subject to uncertainty. The reason for possible uncertainty in the GSD 

information is that unsampled river reach, which is assigned with the known 

sample and continuous data developed with an interpolation method, which is 

statistical nature.  The development of GSD information for the Eamont river 

catchment (approximately 400Km2) makes it challenging to map the entire river 

length with drone sampled images. Thus, it requires advancement in the GSD 

data development process (Bainbridge et al., 2021; Cabezas-Rabadán et al., 

2021), and for that reason, it is crucial to bridge the gap between drone-based 

and satellite-based grain size assessment and efforts are being made 

(Marchetti et al., 2021). Thus, in future, we can expect model parametrization 

with the sampled river reach for its entire river course and anticipate more 

reliable modelling results.  

 CASCADE models limitations   

 The current project thesis tests the multi-model approach that addresses 

hydrology, river morphology, grain size data development across the river 

network, and sediment transport modelling. The mentioned modelling approach 

solves the size-selective sediment transport and grain specific sediment flux in 

conjunction with river scale connectivity and dis-connectivity of sediment 

transport pathways. It has provided crucial insight for the main objective of weirs 

removal strategies by evaluating their impact on sediment transport at the 

instream river network.  

Though, a few things still require to be addressed in the CASCADE model. At 

present CASCADE model lacks sediment attrition process. Second, the model 

is one-dimensional; therefore, assessing two-dimensional geomorphic changes 

is complex. However, its dependence on external discharge input is solved with 

LISFLOOD (Tangi, 2018) and in the current research with the SWAT model. 

However, the integration of SWAT and CASCADE has improved a few things, 

such as the hydro-morphological conditions remains identical across the 
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modelling environment. It is possible because the SWAT-processed river 

network is imported into CASCADE; therefore, rivers topological and hydro-

morphological attributes are identical. However, a hydraulic solver processes 

river hydraulics in the CASCADE model.  

The objectivity of employing SWAT and CASCADE depends on the modeller’s 

set target. Though, based on the complexity of the SWAT and parsimonious yet 

informative CASCADE can be summarised in a few peculiar differences in the 

two models. First, the SWAT model simulates the sediment transport for the 

overland and instream environment, whereas CASCADE produces sediment 

transport behaviour in an in-stream environment. However, if modellers have 

information about external sediment input for a river reach; in such case, 

external sediment input can be modelled in conjunction with sediment transport 

on the network scale (Tangi et al., 2019a, p. 402). Second, the SWAT model 

utilized USLE & MUSLE for the sediment yield represented in metric tons. 

On the other hand, the CASCADE model reports sediment flux in Kg/sec. In 

addition to that, CASCADE offers various sediment transport capacity formulas, 

5.2.4. Third, the CASCADE model offers more control on reach scale regarding 

transport limitation parameter (tr_limit) that controls the in-stream erosion. The 

erosion can be equal to transport capacity in the reach (tr_limit =1), and no 

sediment entrainment from the riverbed (tr_limit  =0). Third, the SWAT model 

simulates discharge, sediment yield, nutrients, bacteria, evapotranspiration, 

and many other catchment parameters, while CASCADE reports sediment flux 

and sediment connectivity at the network. Forth, CASCADE offers interactive 

model simulation. However, comparing the two models would be inappropriate 

since the SWAT model is a complex semi-distributed model that requires 

enormous data to parameterise it. The CASCADE model is comparatively less 

complex yet provides crucial information regarding sediment connectivity and 

sediment flux dynamics.  

The critical difference between the SWAT and CASCADE model is subject to 

sediment routing processing methods. First, the SWAT model estimates 

overland sediment erosion with modified universal soil loss equation (MUSLE) 

and then in-stream analysed by default Simplified Bagnold model (Bagnold, 
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1977). However, SWAT also provides four other stream power models (section 

4.1.3), though grain size can be processed limited to a range <=2mm to 10mm. 

Second, the SWAT model simulates results for an extended simulation at a 

continuous time-step beyond the initial model warmup period (>= one year). 

The continuous-time-step simulation results in sediment yield 

(tonnes/hectare/year). 

Conversely, the CASCADE model is instantaneous, and it simulates sediment 

flux (Kg/sec). Third, the CASCADE model processes the mixed gran size 

information as a separate cascade per reach and 18-grain size classes can 

remain active in a processed reach in the network. Fourth, the transport 

capacity distribution competition among the active cascade per reach (18-grain 

category) improves grain refinement. Finally, CASCADE simulates weir 

removal scenarios more rapidly based on UI’s (user interface) ability to perform 

interactive sediment routing analysis. This UI trait has an advantage over the 

modelling tool that requires reset conditions for each simulation time step, which 

could be cumbersome.   

In the current CASCADE version, sediment routing in the reservoir is not 

explicitly performed. In place of that dam or weirs impact on are analysed with 

dam and weirs sediment trap efficiency, and the method employed in the 

assessment of trap efficiency of weirs and dams because of lack of sediment 

records. Though a river is a multi-faceted system (hydrology, geomorphology, 

ecology, biogeochemistry), and it works on different processing scales: 

Catchment, Reach, and Sub-Reach scale (Polvi et al., 2020). The CASCADE 

lacks a methodology to report the ecosystem and habitat losses conditioned by 

sediment alteration (River network and reach scale data). Future development 

in this direction and better spatial coverage of sediment alteration data may 

provide means to assess habitat and biodiversity loss. 

In this project, tools such as SWAT, Drone and CASCADE had provided insight 

for the selection and prioritization of small dam removal scenario development. 

The modelling had also justified that any piecemeal approach concerning the 

small dam or weir removal strategy would not yield expected geomorphic and 

ecological results. Based on modelling results, we have recommended that any 
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future removal or demolition of small dam, first assess their impact at the river 

network scale through sediment connectivity tools (in present case CASCADE).  

The CASCADE implementation can be justified with single physical removal of 

a weir case in the catchment and its impact assessment on satellite images 

along with CASCADE based sediment alteration results.  Thus, in the future, 

with the better grain size assessment exercise through satellite images, the 

combined use of SWAT to accurately model input hydrology and CASCADE to 

route sediment fluxes through the river network. Combining two models will 

provide a practical means to analyse the impact of multiple weirs or dams on 

sediment transport.  

 Future integration of ecological models with CASCADE 

 The process-based ecological models are recommended to manage the river 

network (Marcinkevage and Herricks, 2005). Since their ability to address 

spatial-temporal variability for the flow dynamics and ecological setups (physio-

chemical conditions) is required for biodiversity at the network scale. However, 

processing scale in various ecological tools is restricted to reach length; on the 

contrary, lower scale changes may occur at the meso-habitat. The improvement 

in scale level in the process-based tools like SWAT that simulate flow conditions 

and nutrients may provide enhanced results. The CASCADE may produce 

slightly realistic results when the model’s parameterization is based on a river 

network scale, similar to the monitoring performed at the recommended 

physical habitat survey.  

The present limitations and availability of ecological data can be improved in 

the future with the assistance of remote sensing, citizen science and eDNA 

fingerprinting (Fan et al., 2020; Rinaldo et al., 2018). For an extended river 

network, ecological monitoring is still be preferred at the reach scale  (Gansfort 

and Traunspurger, 2019; Kuemmerlen et al., 2019). The integrated ecological 

modelling system has proved the implication of the muti-model approach to 

address the ecological conditions (Johnston et al., 2017). The integrated 

approach had demonstrated the application of SWAT and models and tools 

such as Habitat Suitability Index (HSI), Bioaccumulation and Aquatic System 
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Simulator (BASS), and PiSCES (Piscine Stream Community Estimation 

System) applications to measure the stress on the fish community.  

UK’s National Fish Population data (NFPD) caters for a relational database of 

third-party electrofishing records for UK rivers (Environment Agency, 2021). It 

would be an excellent opportunity to exploit such a database to answer the 

ecological conditions of the river in conjunction with sediment routing and 

hydrological models in an integrated environment. River habitat survey - RHS 

(Costa and Vieira, 2021) can be applied in future applications along with an 

integrated modelling environment. It will provide ground-based observation to 

refine the CASCADE model or model’s prediction to access the river conditions 

with RHS methods. This feedback mechanism can be applied to a limited 

stretch of the river as RHS methods cover a short distance (10m) with extensive 

ground observations. However, airborne LiDAR bathymetry and acoustic 

Doppler profiler (ADCP) can accelerate monitoring in-stream river conditions. 

Regarding the EU Biodiversity Strategy for 2030 that aims to support free-

flowing rivers, it advises selecting sites and finance to remove obsolete barriers 

in European rivers. Therefore, researchers may develop a more advanced 

modelling environment or integrated tool to free up European or other 

continental rivers in the coming years.  
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Appendix A : (q-percentile discharge for 166 reaches of Eamont Catchment) 

Reach_id Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 

1 0.00 0.01 0.01 0.02 0.02 0.05 0.11 0.34 

2 0.70 1.53 3.20 6.29 12.99 31.34 88.77 211.80 

3 0.00 0.01 0.01 0.02 0.02 0.05 0.15 0.45 

4 0.16 0.40 1.86 3.98 8.71 21.60 58.38 135.16 

5 0.01 0.01 0.02 0.03 0.06 0.10 0.37 1.21 

6 0.71 1.56 3.23 6.34 13.06 31.45 89.01 212.28 

7 0.69 1.50 3.17 6.24 12.91 31.25 88.42 211.02 

8 0.69 1.51 3.17 6.25 12.93 31.25 88.46 211.10 

9 0.16 0.42 1.87 4.00 8.75 21.65 58.51 135.42 

10 0.15 0.38 1.83 3.95 8.66 21.50 58.07 134.38 

11 0.01 0.01 0.02 0.03 0.04 0.10 0.42 1.10 

12 0.16 0.40 1.86 3.98 8.70 21.60 58.38 135.14 

13 0.15 0.38 1.83 3.95 8.66 21.50 58.07 134.38 

14 0.01 0.01 0.02 0.03 0.04 0.11 0.37 0.98 

15 0.15 0.37 1.83 3.93 8.64 21.46 57.96 134.12 

16 0.01 0.02 0.03 0.05 0.09 0.22 0.61 1.54 

17 0.00 0.01 0.01 0.01 0.02 0.04 0.13 0.50 

18 0.00 0.01 0.01 0.02 0.03 0.08 0.28 0.77 

19 0.13 0.32 1.76 3.84 8.50 21.17 57.08 132.00 

20 0.13 0.32 1.77 3.84 8.51 21.18 57.13 132.14 

21 0.14 0.35 1.80 3.88 8.57 21.32 57.52 133.10 

22 0.13 0.30 1.75 3.81 8.47 21.09 56.83 131.40 

23 0.01 0.01 0.01 0.02 0.03 0.09 0.32 0.90 

24 0.04 0.05 0.08 0.13 0.24 0.58 1.62 3.95 

25 0.09 0.13 0.21 0.35 0.64 1.54 4.58 11.46 

26 0.05 0.08 0.12 0.21 0.39 0.95 2.98 7.53 

27 0.09 0.14 0.21 0.36 0.66 1.60 4.76 11.93 

28 0.12 0.17 0.27 0.46 0.82 1.99 6.03 15.26 

29 0.01 0.02 1.42 3.27 7.55 19.13 51.80 119.28 

30 0.01 0.01 0.01 0.02 0.03 0.08 0.31 0.83 

31 0.01 0.01 0.02 0.03 0.06 0.15 0.48 1.26 

32 0.05 0.08 0.12 0.20 0.37 0.91 2.84 7.18 

33 0.00 0.01 1.48 3.21 7.50 19.06 51.54 118.54 

34 0.01 0.01 0.02 0.04 0.07 0.17 0.54 1.40 

35 0.53 0.82 1.25 2.13 3.90 9.98 33.70 82.98 

36 0.76 1.18 1.89 3.43 6.63 17.85 55.43 136.46 

37 0.03 0.04 0.07 0.11 0.21 0.50 1.55 3.94 

38 0.01 0.01 0.01 0.02 0.04 0.10 0.35 0.96 

39 0.01 0.02 0.03 0.05 0.10 0.24 0.71 1.77 

40 0.01 0.01 0.02 0.03 0.05 0.12 0.40 1.17 

41 0.01 0.02 0.03 0.05 0.09 0.24 0.80 2.15 

42 0.74 1.15 1.84 3.36 6.53 17.58 54.55 133.90 

43 0.01 0.01 0.02 0.03 0.05 0.13 0.42 1.14 

44 0.51 0.78 1.17 2.02 3.72 9.63 32.58 79.95 
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45 0.01 0.01 0.02 0.04 0.06 0.15 0.54 1.47 

46 0.04 0.05 0.08 0.16 0.29 0.79 2.38 6.00 

47 0.01 0.01 0.02 0.04 0.07 0.18 0.56 1.55 

48 0.04 0.06 0.09 0.16 0.31 0.78 2.70 7.15 

49 0.71 1.09 1.75 3.23 6.29 17.05 52.79 128.86 

50 0.49 0.74 1.11 1.92 3.57 9.29 31.45 76.97 

51 0.67 1.02 1.63 3.03 5.92 16.11 49.52 120.02 

52 0.05 0.07 0.11 0.19 0.36 0.90 3.15 8.30 

53 0.55 0.83 1.34 2.49 4.89 13.34 40.38 96.99 

54 0.43 0.66 0.98 1.71 3.16 8.32 28.22 68.54 

55 0.03 0.05 0.07 0.14 0.26 0.69 2.11 5.31 

56 0.01 0.01 0.02 0.03 0.07 0.16 0.58 1.58 

57 0.03 0.05 0.07 0.11 0.22 0.56 2.00 5.27 

58 0.08 0.12 0.18 0.33 0.63 1.58 4.90 12.20 

59 0.53 0.80 1.30 2.42 4.76 13.02 39.32 94.16 

60 0.02 0.02 0.03 0.06 0.12 0.31 1.11 2.80 

61 0.10 0.15 0.23 0.43 0.85 2.40 8.01 19.55 

62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

63 0.01 0.01 0.02 0.04 0.08 0.20 0.70 1.76 

64 0.01 0.01 0.02 0.03 0.05 0.14 0.48 1.26 

65 0.01 0.02 0.03 0.05 0.10 0.25 0.89 2.28 

66 0.02 0.04 0.06 0.11 0.21 0.55 1.77 4.38 

67 0.45 0.67 1.09 2.04 4.05 11.30 34.16 80.60 

68 0.02 0.04 0.05 0.10 0.19 0.52 1.87 4.73 

69 0.42 0.64 0.94 1.65 3.05 8.08 27.37 66.48 

70 0.08 0.13 0.19 0.33 0.64 2.09 8.92 22.61 

71 0.02 0.02 0.04 0.07 0.14 0.38 1.14 2.77 

72 0.03 0.05 0.07 0.11 0.22 0.59 2.19 5.49 

73 0.07 0.10 0.16 0.30 0.60 1.69 5.62 13.59 

74 0.05 0.06 0.10 0.17 0.33 0.88 3.30 8.24 

75 0.01 0.01 0.02 0.04 0.07 0.20 0.78 1.92 

76 0.03 0.04 0.05 0.10 0.19 0.51 1.87 4.70 

77 0.02 0.03 0.04 0.08 0.15 0.43 1.31 3.16 

78 0.04 0.06 0.10 0.18 0.36 1.06 3.17 7.35 

79 0.41 0.60 0.99 1.85 3.68 10.39 31.34 73.18 

80 0.40 0.59 0.96 1.80 3.58 10.15 30.55 71.15 

81 0.04 0.05 0.10 0.18 0.35 1.03 3.09 7.14 

82 0.03 0.04 0.06 0.11 0.22 0.64 2.19 5.41 

83 0.01 0.02 0.03 0.06 0.13 0.38 1.15 2.62 

84 0.08 0.11 0.19 0.35 0.69 1.98 5.98 14.07 

85 0.02 0.02 0.04 0.07 0.15 0.46 1.39 3.24 

86 0.01 0.02 0.03 0.06 0.12 0.36 1.08 2.51 

87 0.32 0.47 0.77 1.45 2.89 8.17 24.65 57.07 

88 0.33 0.50 0.73 1.29 2.32 5.76 19.60 46.42 

89 0.24 0.34 0.56 1.05 2.09 5.91 17.91 40.78 

90 0.04 0.06 0.08 0.15 0.29 1.07 6.36 18.18 
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91 0.03 0.04 0.06 0.10 0.20 0.82 5.91 17.24 

92 0.00 0.00 0.00 0.01 0.01 0.15 5.04 15.71 

93 0.08 0.12 0.20 0.37 0.75 2.16 6.51 15.50 

94 0.00 0.00 0.00 0.01 0.01 0.14 4.92 15.68 

95 0.02 0.03 0.04 0.07 0.14 0.38 1.43 3.39 

96 0.21 0.30 0.47 0.89 1.70 4.85 16.12 37.32 

97 0.03 0.05 0.07 0.13 0.26 0.74 2.43 5.75 

98 0.04 0.05 0.08 0.15 0.28 0.80 2.83 6.79 

99 0.07 0.10 0.17 0.32 0.65 1.90 5.65 13.51 

100 0.24 0.34 0.56 1.05 2.09 5.91 17.91 40.78 

101 0.02 0.02 0.04 0.07 0.13 0.34 1.27 3.01 

102 0.18 0.26 0.38 0.67 1.21 2.93 10.04 24.64 

103 0.05 0.07 0.12 0.24 0.49 1.45 4.32 9.83 

104 0.03 0.05 0.07 0.13 0.28 0.79 2.66 6.39 

105 0.02 0.02 0.03 0.06 0.11 0.30 1.11 2.61 

106 0.17 0.24 0.36 0.63 1.14 2.74 9.38 22.95 

107 0.15 0.23 0.33 0.58 1.05 2.53 8.65 21.18 

108 0.01 0.01 0.03 0.04 0.08 0.21 0.69 1.65 

109 0.04 0.05 0.10 0.18 0.38 1.12 3.31 7.57 

110 0.14 0.21 0.30 0.53 0.96 2.29 7.82 19.08 

111 0.01 0.01 0.02 0.04 0.07 0.19 0.63 1.53 

112 0.06 0.08 0.14 0.26 0.53 1.53 4.59 10.71 

113 0.17 0.24 0.38 0.73 1.46 4.12 12.50 27.99 

114 0.15 0.21 0.35 0.67 1.33 3.78 11.41 25.39 

115 0.01 0.01 0.02 0.03 0.06 0.15 0.57 1.42 

116 0.01 0.01 0.03 0.04 0.08 0.19 0.74 1.85 

117 0.14 0.21 0.31 0.56 1.02 2.65 8.75 20.21 

118 0.16 0.23 0.37 0.70 1.35 3.88 12.66 28.82 

119 0.01 0.02 0.03 0.05 0.11 0.34 1.15 2.68 

120 0.11 0.16 0.24 0.43 0.77 1.84 6.38 15.44 

121 0.02 0.04 0.06 0.11 0.24 0.71 2.06 5.08 

122 0.03 0.04 0.06 0.11 0.22 0.63 1.99 4.42 

123 0.03 0.04 0.05 0.09 0.18 0.45 1.40 3.50 

124 0.05 0.07 0.11 0.21 0.43 1.27 3.77 8.79 

125 0.03 0.04 0.06 0.10 0.21 0.61 1.93 4.28 

126 0.06 0.08 0.14 0.26 0.52 1.51 4.67 10.35 

127 0.03 0.04 0.07 0.13 0.27 0.78 2.45 5.47 

128 0.02 0.03 0.04 0.09 0.17 0.51 1.61 3.55 

129 0.11 0.16 0.23 0.41 0.74 1.79 6.12 14.89 

130 0.03 0.04 0.06 0.12 0.26 0.79 2.33 5.50 

131 0.11 0.15 0.22 0.40 0.71 1.71 5.90 14.23 

132 0.12 0.16 0.24 0.44 0.81 2.14 7.11 16.12 

133 0.12 0.17 0.27 0.52 1.01 2.92 9.27 20.64 

134 0.10 0.13 0.20 0.37 0.66 1.79 5.85 13.22 

135 0.01 0.01 0.02 0.03 0.07 0.18 0.65 1.67 

136 0.02 0.03 0.04 0.08 0.16 0.47 1.48 3.26 
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137 0.01 0.01 0.02 0.03 0.07 0.17 0.62 1.60 

138 0.09 0.13 0.21 0.40 0.80 2.26 6.75 15.23 

139 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

140 0.07 0.10 0.16 0.30 0.58 1.68 5.23 11.49 

141 0.01 0.02 0.03 0.05 0.09 0.25 0.90 2.07 

142 0.01 0.02 0.03 0.06 0.11 0.32 1.07 2.46 

143 0.04 0.06 0.10 0.18 0.36 1.06 3.39 7.61 

144 0.09 0.14 0.19 0.36 0.64 1.52 5.25 12.58 

145 0.02 0.02 0.03 0.07 0.12 0.34 1.17 2.66 

146 0.02 0.03 0.04 0.09 0.18 0.53 1.60 3.47 

147 0.01 0.02 0.03 0.06 0.14 0.44 1.39 3.07 

148 0.03 0.04 0.06 0.11 0.22 0.67 2.12 4.69 

149 0.09 0.13 0.19 0.35 0.63 1.49 5.11 12.21 

150 0.03 0.04 0.07 0.14 0.28 0.79 2.38 5.43 

151 0.09 0.12 0.17 0.32 0.57 1.38 4.75 11.34 

152 0.07 0.10 0.15 0.28 0.50 1.35 4.31 9.73 

153 0.05 0.06 0.11 0.21 0.41 1.18 3.52 7.91 

154 0.05 0.07 0.11 0.22 0.44 1.29 3.95 8.56 

155 0.07 0.09 0.14 0.25 0.46 1.24 3.90 8.79 

156 0.03 0.05 0.07 0.15 0.29 0.89 2.65 5.67 

157 0.07 0.09 0.13 0.25 0.45 1.10 3.74 8.83 

158 0.03 0.04 0.06 0.12 0.25 0.76 2.26 4.82 

159 0.07 0.09 0.14 0.25 0.45 1.23 3.85 8.68 

160 0.06 0.07 0.11 0.21 0.38 0.96 3.26 7.66 

161 0.06 0.08 0.13 0.25 0.44 1.19 3.73 8.39 

162 0.04 0.05 0.07 0.14 0.24 0.62 2.11 4.93 

163 0.04 0.05 0.07 0.13 0.23 0.59 1.99 4.65 

164 0.02 0.03 0.05 0.09 0.19 0.53 1.60 3.54 

165 0.04 0.05 0.07 0.14 0.26 0.71 2.20 4.89 

166 0.02 0.03 0.05 0.09 0.15 0.41 1.29 2.97 
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Appendix B: CASCADE model input: “Reach Data” containing River’s morphology, hydrology and topological attributes. 
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