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Abstract 

This study presents findings relating to the hydrological response of the Lower 

Eidart and the Upper Feshie which are neighbouring sub-catchments of the Feshie 

catchment. These catchments have contrasting physical characteristics where the Lower 

Eidart has >59% mineral soil and >27% blanket peat which contrast with the Upper 

Feshie which has >65% blanket peat and a further 10% peaty soil. 

The Vbar method has been used to calibrate the stage-discharge rating equation at 

the outlet of each of these gauged catchments beyond current empirical gaugings. The 

extended rating curve applied to a year of continuous time series gauge data to compare 

the hydrological response of these catchments.  

Analysis of lag time to peak discharge found that the Lower Eidart catchment 

peaked 23 minutes sooner than the Upper Feshie, which is statistically insignificant based 

on a Mann-Whitney Wilcoxon Test of Difference (P= 0.1171). It was also found that 

both the Lower Eidart and Upper Feshie have a remarkably similar hydrological response 

to both frontal and convective rainfall based on the creation of a median hydrograph for 

these catchments. Lower Eidart was found to have a higher antecedent flow prior to the 

synthesised median hydrograph. The higher antecedent flow may contribute to the lower 

peak discharge observed in the time series (11.8 m3/s) when compared with Upper Feshie 

which had a peak discharge of 20.2 m3/s. The higher baseflow observed in the time series 

is consistent with existing literature in the area, however, is contradictory to the Bfihost 

estimation found in the FEH catchment descriptors.  

The Vbar method may be applicable to other upland catchments where empirical 

gauging data is sparse, in the context of water management and monitoring, especially 

where manual gaugings are not safe at higher flows.  
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Chapter 1: Introduction 

1.0 Background and Rationale 

It is both challenging and important to monitor upland and mountainous 

catchments in terms of meteorological input and catchment response (CEH, 2020). The 

remoteness of the mountainous uplands of Scotland presents logistical challenges for data 

collection, although, the monitoring of such remote and still relatively wild places may 

present new insights and fill the gaps in knowledge of upland catchment response to 

precipitation events in a time of changing climate. A multidecadal four catchment study 

in the Scottish west coast by Mansel (1997) observed a climate driven increase in river 

flows in all four catchments, with predictions for further changes in the spatial 

distributions of precipitation events leading to further increases in river flows across 

Scotland. Scotland’s climate is dominated by North Atlantic maritime airflows giving rise 

to large volumes of precipitation annually with relatively low evapotranspiration and high 

runoff (Gosling, 2014). To Werrity (2000), who proposes the ‘wetter-west’ and a drier 

east, it could be assumed that the relatively eastern plateaus of the Northern Cairngorms 

may experience fewer extreme changes in rainfall events when compared to the west coast 

as these trends continue, however RLUK (2020), based on SEPA’s flow records highlight 

that the most extreme flood events of the River Feshie (Cairngorms National Park) have 

occurred in the last few years. Now, in 2022, gaps in knowledge remain regarding upland 

precipitation and catchment response. These gaps are poignant reminders of how little is 

known about most upland catchments in Scotland, not least blanket peat, and mineral 

catchments such as those of the Upper Feshie system.  

 

A history of deforestation, peatland draining for agriculture and anthropogenic 

warming of climate has led to the consideration of intense highland flooding as quasi-

environmental, or human-intensified (Smith, 2013) due to decadal mismanagement and 

grazing pressures. Following the purchase of the Glenfeshie Estate in 2006 (Wildland, 

2022), owners Wildland Limited have been pursuing a policy of rewilding (RSGS, 2014) 

to help “the land to achieve its full ecological potential”. This policy arises in the context 

of decline in habitats (a severe loss in native woodland) and species (for example, Field 

Vole, Black Grouse, and Capercaillie). Conservation monitoring is undertaken 

periodically by NatureScot and by landowners, but it is not a common practice to monitor 

river flows in areas which are subject to land management for conservation purposes. 

Fortunately in Glen Feshie, there have been efforts to monitor precipitation inputs and 
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runoff outputs from various parts of the river catchment, and these provide the 

opportunity to examine hydrological behaviour in areas which have not yet been subject 

to focused conservation efforts, but which are expected to benefit from them in the 

coming years. An opportunity to better understand the hydrological behaviour of the 

Feshie catchment now may provide the prospect of advising future conservation action to 

address not only species and habitats, but also their hydrological consequences. 

 

The restoration of peatlands is of national conservation value (NatureScot, 2022) 

in terms of carbon sequestration, habitat regeneration and natural flood management. 

Natural flood management (NFM) aims to exploit natural processes to work with nature 

to reduce flood risk (Black, et al., 2022). Carrick, et al., (2018) outlines that regeneration 

of surface vegetation in areas which have previously been overgrazed can enact NFM 

because of the protective and soil binding characteristics of the upland vegetation, such 

as mosses. It is on this basis that peatland restoration is expected to deliver multiple 

benefits, including the attenuation of storm runoff through increasing storage potential in 

thin alpine soils and enhancing surface roughness, “slowing the flow”, of overland runoff 

in hydrophobic bare peat areas. NFM interventions were classified in Lane (2017) as 

those aimed at reducing the rate of rapid surface runoff. A novel opportunity is presented 

to bridge the gaps in our knowledge of the hydrological response of headwater blanket 

peat and mineral soil catchments as they undergo natural regeneration which is a 

conservation focus at national and international scale.  

 

 The study catchments which are explained in Section 3.2 are the headwater 

catchments of the river Feshie. The Feshie is widely regarded as extremely flashy and 

exhibits an ever-changing braided zone in the mid-river (Wheaton, et al., 2013). There is 

very little existing infrastructure in the Feshie catchment, which is within the functional 

floodplain, so flood risk in the area is generally considered low. The position of these 

catchments and the spatial intensity of the gauge network make these study catchments a 

suitable location to study the potential for the use of empirical methods in remote, data 

sparse environments. The sediment regime in the Feshie is supplied by areas of extreme 

erosion in the mid-river and the examination of NFM in these upland catchments is of 

interest for erosion management.  
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1.2 Aims and Objectives 

The aim of this research is to compare the catchment response of two neighboring 

sub-catchments (of the River Feshie catchment) with contrasting physical characteristics. 

To meet the aim of this research, some key objectives have been identified: 

Objective 1: To produce reliable rating equations that extend the current ratings, 

which are based on low flow gaugings.  

Objective 2: To validate the ratings by applying them to level data and 

independently evaluating the results.  

Objective 3: To carry out analysis of hydrological metrics such as lag time to peak 

discharge and create a set of characteristic hydrographs to compare the study catchments. 
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Chapter 2: Literature Review 

2.1 Catchment Descriptors and Climatic Inputs  

Catchment descriptors represent the characteristics of a catchment as a single 

value, for example, drainage area in km2. These are used in hydrological assessments, 

which include peak flow estimation for flood risk assessment. Methodlogies for this 

include FEH-Rainfall-Runoff or REFH2.3, among others. These catchment descriptors 

have been developed for desk-based assessments of flow estimation and are particularly 

used in ungauged catchments.  

 Some key catchment descriptors included within this chapter are elevation, 

antecedent moisture, elevation, and catchment size. Other descriptors are included by the 

FEH, such as baseflow, however these have not been described in this chapter.  

2.1.1 Climatic Inputs 

Climate change is thought to have led to increased intensity and duration of 

precipitation events (Smith 2013) which leads to concerns relating to flood risk. 

Anthropogenic contributions to climate warming have been scrutinised as generating a 

‘Quasi-Environmental’ risk as human drivers of climatic warming is accepted to increase 

flood hazard.  There are many examples of how humans may intensify flood hazard such 

as deforestation and peatland degradation altering runoff response of a given catchment, 

and anthropogenic climate warming leading to changes in the intensity and duration of 

rainfall (Min, et al., 2011; Pall, et al., 2011; Scott, et al., 2014). The changing global 

climate is discussed in Black and Burns (2002), whereby freshwater scientists have had a 

shift in view relating to increasing flood risk in Scotland, based on mounting evidence 

cited in Werritty (2002). More recent work, such as Werrity and Sugden (2013), has 

reinforced discussion of these potential climatic trends of increased water hazard based 

on key signals of anthropogenic climate warming. Burt and Holden (2002) state that 

further increases to the duration and intensity of precipitation events in the uplands of the 

United Kingdom are expected. Climate change models are uncertain due to input 

parameters such as emissions and global temperatures, however it is estimated that by 

2050, winter in Scotland will be up to 8% wetter and 0.5 degrees warmer (McPherson, 

2022).  

As evidence mounts over the duration of more than two decades, there is little 

doubt that human-accelerated changes in climate will lead to greater pressures in the water 
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environment in terms of the management of water resources and increased flood risk as 

flooding is considered one of the central climate related hazards (Hirabayashi, et al., 

2013). Warming global climate trends have a direct impact on precipitation (Trenbeth, 

2011) as greater warming leads to greater evaporation and surface drying thereby 

influencing the state of catchment wetness and increasing the airs holding capacity for 

water by up to 7% per 1°C of warming (Dore 2005). Dore (2015) continues that higher 

latitude areas will experience the greatest intensification of precipitation events in 

addition to an increase in rainfall duration. Overall, the current climatic trends of 

warming, which are believed to facilitate greater intensity and duration of rainfall events 

are of paramount concern for flood risk generally.   

2.1.2 Antecedent Moisture  

Antecedent moisture conditions (AMCs) relate to the state of wetness of the soil 

prior to a hydrological event (James and Roulet, 2009). There are a multitude of soil 

moisture-atmospheric interactions whereby soil moisture content and memory can 

contribute significantly to land and climate relationships (Senevirante, et al., 2006a). 

Several studies including (Pitman, et al., 2012) have demonstrated that soil moisture 

content has a direct impact on the severity of a flood event. AMCs significantly impact 

magnitude and extent of the event; this is widely agreed within literature (Lorenz, et al., 

2010; Quesada, et al., 2012) in both drought and extreme flood situations. The wealth of 

literature which agree on the importance of AMCs in catchment runoff generation (for 

example, Zema and Bloschl, 2004; Penna, et al., 2011) are insightful and well-founded, 

however many literature sources on the matter cite plot scale results as small as 2.8 m2 

(Schoener and Stone, 2019). At catchment scale, Penna, et al., (2011), focussed on the 

threshold runoff response of an upland catchment showed a strong AMC control of the 

runoff generated. The research stated that catchment response time may have been 

dictated by soil moisture prior to the event, in dry conditions streamflow peaked prior to 

hillslope soil moisture whereas in wet conditions, the opposite occurred. The catchments 

response was facilitated by hysteretic behaviour in the soil moisture and streamflow 

relationship. Additionally, AMCs were evidently important in the relationship between 

cumulative rainfall and total stormflow because storms of similar magnitude occurring in 

dry periods exhibited smaller stormflow peak discharge values than those occurring in 

wet conditions. An example of an event where AMCs had a significant impact on the 

severity of a rainfall event was the 1997 flood in Hagemann, et al., (2015). Regional 

climate modelling indicated soil moisture contributed to the formation of extreme rainfall 
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climate through the control of soil moisture on soil energy availability for 

evapotranspiration. Due to this, spatially significant rainfall occurred giving rise to 

extreme levels of runoff and a significant high flow event. Vivoni, et al., (2007) states 

that AMCs are one of three major descriptors in conjunction with catchment physical 

characteristics and the precipitation event structure.  

2.1.3 Elevation  

Elevation is a catchment descriptor which is extremely important but sometimes 

overlooked. Dingman (1981) documented the impact of elevation on catchment 

hydrology in good detail, noting that basin elevation correlates with significant variation 

in streamflow characteristics such as low flow, flood flow and long-term average flow. 

This variability can be reasonably associated with elevation-climatic interactions 

whereby the impact of the climate at higher altitude corresponds to the behaviour of the 

river. Temperature decreases with elevation due to temperature lapse rates as, generally, 

precipitation increases (Zhang, et al., 2013) making temperature and precipitation the 

most important variables in an elevation based hydrological model. Due to decreased 

temperatures at higher elevations, it is likely that snow will cover upland catchments for 

much of the year, for example in the Cairngorms National Park (with altitudes of > 900 

m AOD spatially significant snow cover can be expected to vary between 90 - 150 days 

of the year (Figure 2.1.1), a decrease from over 200 days per year in 1977 (Rivington, et 

al., 2019). Globally, over 1.5 billion people are affected by perennial snow cover 

including diurnal melt and refreeze (Yao, et al., 2012) by impacts to water supply. It can 

therefore be reasonably stated that catchment snow cover duration and extent have a 

significant impact on the annual hydrological runoff regime of the catchment in terms of 

storage, ice damming and ephemeral melt induced high flows.  
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2.1.4 Catchment Size  

The spatial extent of a catchment has a fundamental impact on how runoff is 

generated and conveyed through the system to the outlet. An example by Miller (1994) 

demonstrates that catchment size dictates the availability of absolute runoff volumes and 

is therefore an essential parameter in flood estimation. Pilgrim, et al., (1982) asserted that 

most of the research on catchment response has been conducted at small spatial scales, 

this is accurate due to the difficulty in attaining consistent, meaningful, and reliable data 

in remote and or large spatial areas. (Beston and Marius 1969). The pockets of more 

contemporary literature that exists draws unclear and often conflicting conclusions. It 

may relate to the difficult hydrological question of spatial variability in physical 

descriptors within a catchment. Using Hortonian overland flow as an example, extreme 

variation in a small spatial area of surface cover leads to variability in the rate of surface 

runoff based on friction, so it is difficult to associate a particular runoff rate or value to 

this. The issue may lie in assessing homogeneity of physical descriptors as it is likely that 

in smaller catchments, there is a greater chance of the parent bedrock, superficial deposits 

and vegetation cover being the same.  

Questions remain relating to large catchment hydrology and how its physical 

descriptors may influence runoff generation. Due to spatial variability in superficial 

deposits, land use, land cover, and other physical descriptors within larger catchments, it 

Figure 2.1.1. Annual Snow. Source: Rivington, et al., (2019) 

Trends estimated for the site of Whitehillocks, Cairngorm National Park, between 

1969 and 2005. Anecdotally, climatic change is being estimated to reduce snow cover 

days by up to 52 days per year.  
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may be reasonable to state that smaller, homogeneous, catchments are more susceptible 

to ephemeral storm flows from precipitation, giving them a flashier response than bigger 

catchments. In larger catchments, there is generally greater variability in physical 

descriptors with a theoretically greater storage potential, which may show a more subdued 

response to a precipitation event. Mimikou (1984) asserts that maximum observed flood 

flow and metrics such as lag time to peak discharge are increasing functions of basin size. 

Additionally, the variability in the catchment scale and runoff response relationship 

regionally is expressed and relates to the function of surface-climate interactions such as 

soil moisture and energy for evaporation. Overall, catchment scale is an integral 

parameter to flood estimation models, however due to factors such as climate over large 

spatial areas, variability in physical characteristics such as parent geology and land use, 

there is little observation-based literature since Pilgrim (1982) that describes the 

catchment scale and runoff relationship. However various works such as Kjeldson and 

Jones (2010), and Kjeldson, et al., (2014) which use statistical estimation methods based 

on catchment descriptors to draw some conclusions on the impact of catchment area in 

flood extent estimation within the United Kingdom.  

2.1.5 Summary of Climatic Inputs and Catchment Descriptors 

 Extensive literature, some of which is cited in Section 2.1.1, examines changing 

climate over the past 2 decades in relation to increased water hazard flooding. Flooding 

hazard is thought to be increased by anthropogenic activities on a national and global 

scale. In Scotland, the impacts of climate change are predicted to continue to increase the 

intensity and duration of precipitation events (Burt and Holden, 2010), and by 2050, 

winters are expected to be 8% wetter (McPherson, 2022). Catchment descriptors, as 

mentioned above, are a means of representing the characteristics of a catchment 

numerically for uses such as mathematical modelling. These descriptors are used widely 

in flood risk estimation, notably FEH methods, especially in ungauged catchments.  

 Catchment descriptors have significant impacts on runoff generating processes. In 

the following sections soil properties of upland catchments are discussed. The properties 

of the soil have a significant impact on runoff generation saturation and overland flow. 

Saturation flow occurs in areas where the soil becomes saturated quickly due to low 

storage capability (Dunne and Dietrich, 1990). Hortonian overland flow occurs in 

situations where the volume of water entering a soil system is greater than the volume 

which can be absorbed or transported (Horton, 1937).  
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2.2 Peatland Hydrology 

2.2.1 Introduction to Peatland Hydrology  

Peatlands are systems which have developed autochthonously from wetlands in 

low energy situations (Williams, 1990). The term peatland relates to the peat soil and 

vegetated land assemblage which has a wetted habitat surface leading to anaerobic 

conditions which are essential for peat formation (Cris, et al., 2014). The perennial 

saturation of these wetlands leads to the creation of surface water dependant ecosystems 

consisting of hydrophytes (plants which require saturated conditions), which grow 

predominantly on blanket bog systems. Peatlands can be subdivided into different types 

(mesotopes) based on their hydrological input; the first type is an ombrogenous bog 

system receives water principally through precipitation, and secondly, fens, these systems 

receive telluric water from surrounding mineral fed groundwater (Ingram; 1978; Price, et 

al., 2016). These mesotopes, although defined by hydrological input, are topographically 

identified in general circumstances because the telluric fens are usually at a lower 

elevation than the bogs because the water they receive moves downhill under gravity. In 

addition to having a dipped morphology when compared to ombrogeneous domes. 

Peatlands cover roughly 20% of Scotland (NatureScot 2015), making them important 

considerations for hydrology, carbon sequestration and ecosystem services. There is 

approximately 12.5 km2 of fen within this 20% and 10947.3 km2 of bog Lindsay and 

Immirzi (1996).  

The peat soil is comprised of two layers, the acrotelm which is superimposed over 

the catotelm (Charman, 2009). The boundary between these layers is approximately 

defined by the depth of the water table. However spatial and temporal changes to the 

boundary between these differing functional layers can occur due seasonal and spatial 

variations in the water table depth (Craft, 2016). The two layers have distinctly different 

characteristics and hydraulic properties, the catotelm is considered to have a low 

hydraulic conductivity due to compaction leading to low water permeability, however it 

is waterlogged presenting a low liquid limit (Flores, 2014). The catotelm is anaerobic 

with an abundance of anaerobic micro-organisms, this compact, waterlogged, and 

anaerobic sublayer is superimposed by the actrotelm. The acrotelm is aerobic with a high 

hydraulic conductivity, this layer is relatively shallow (c. 10-15 cm, (Robinson, 2006)) 

relative to the sometimes several-meter deep catotelm. The base of the actrotelm is at the 

lowest depth of the water table (Figure 2.2.1). The actrotelm contains living and dead 

components of sphagnum mosses and other shrub vegetation. The layering system within 
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the vertical soil column is important hydrologically because they impact the water fluxes 

within the peatland catchment, for example, storage and runoff processes. The actrotelm 

is thought to saturate rapidly due to a high hydraulic conductivity compared to the low 

hydraulic conductivity of the underlying catotelm and so questions arise as to the runoff 

response of peatland catchments given the widely recognised notion of peat soaking up 

water rather than shedding it.  It is especially important to quantify the runoff response of 

peatland systems to create a baseline to identify key relationships between land use and 

runoff response (Lindsay, et al., (1998) in a period of focussed conservation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.1.  Idealised Soil Column Example of Acrotelm and Catotelm.  
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2.2.2 Peatland Water Fluxes  

Ombrogeneous systems are rain fed, meaning that precipitation is the principal 

input mechanism for peat bogs (Damman, 1986), whereas fens receive water from telluric 

groundwater sources and water shed from mire (Figure 2.2.1).  

 

 

 

 

 

 

 

 

Figure 2.2.2. Morphology of Types of Peatland. Source: Bragg (2002).  

P- Precipitation, N- Surface water supply, U- Lateral seepage in peat, G- exchange with deep 

ground water, and E- Evapotranspiration 
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It can be seen from Figure 2.2.3 that in addition to the surface input from 

precipitation, surface output in the form of evapotranspiration should be considered. 

Ingram (1983) indicates that evapotranspiration from a peat bog is approximately equal 

to the potential evapotranspiration (E/Et = 1.1), whereas from a fen, it is thought to be 

E/Et=1.4. These differences are expected considering a perennially low water table.  

Evapotranspiration is interconnected with vegetation, and catchment storage 

potential. Blanket bogs are generally accepted to be treeless (Robinson and Newson, 

1986), so emphasis has previously been placed on using forest to attenuate storm runoff 

in up the hills. Data from pre-2000 shows that afforestation to slow runoff may be 

effective, these data can be seen in Figure 2.2.3.  

The study from Plynimon (Robinson and Newson, 1986) showed that 68% of the 

precipitation reached the ground through the canopy processes of throughfall and stem 

Figure 2.2.3 Upper: Water Table Heights in Time Series; Lower: Comparison Between Rainfall on Open 

Mire and Beneath Canopy of Mature Birch. Source: Bragg (2002) 

The upper figure, utilising data collected in Kelemen and Ingram (1999) shows that in the period between 

03/03/1994 and 02/04/1995, the water table was significantly deeper from the surface of the mire when 

under canopy when compared to the open mire.  

The lower figure shows data from a study which was structured to collect precipitation through the canopy 

process of stem flow and throughfall. The results postulate that the crown of the tree (leafy canopy) 

attenuate precipitation from reaching the ground in the summer, however, serves to increase water 

reaching the ground in spring and autumn due to interception of ‘occult moisture’ in misty weather.  
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flow, although how long this took has not been documented. The other 32% evaporated 

from the canopy. The results show that tree cover is effective at preventing some 

precipitation from reaching the ground and potentially slows the remainder through 

canopy processes, however attention should be paid to the upper figure in Figure 2.2.3, 

which shows tree plantations having the effect of lowering the water table. Recent 

associations of deeper water tables and a decrease in a bog’s ability to regulate water 

flows (ICUN, 2020) has led to reformation of United Kingdom forestry policy so that 

trees can no longer be established on peat more than 50 cm deep (RSPB, 2021). Instead, 

the bog’s own hydrological storage and surface characteristics to regulate runoff must be 

utilised and maintained.   

 Peatland storage is variable, dependant on the mesotope. A fen is usually concave 

in form and is an area which other peat systems drain to as they lie at beneath 

ombrogeneous systems. Fens can drain and receive water from the surrounding 

groundwater systems (Gilvear and Wilson (1995). Ombrogeneous systems, however, 

generally have a domed structure (Figure 2.2.2) with no telluric exchange in groundwater. 

A bog is perennially saturated due to net precipitation (Ingram 1978; Bragg, 2002). 

Perennial saturation of the catotelm layer leads to reduced storage capability within a 

peatland system and has implications for runoff generating processes. Additionally, 

storage in a superficial acrotelm (~0.1 m thick (Ingram and Bragg, 1984)), is extremely 

limited as the water table is confined to this layer. The low storage capability of peat soils 

challenges a long-standing notion that a peat bog acts like a sponge. A peat bog is a 

hydrologically ‘flashy’ system (Shuttleworth, et al., 2019), shedding runoff overland 

instead of absorbing it. In Section 2.1.5, overland means of runoff conveyance are 

explained.  

Peat soils have often been linked to extreme flows generated from rapid storm 

runoff (Wade, et al., (1999). The significance of the role of peat soils within storm 

generated flows is affirmed by Jarvie, et al., (2001) and Soulsby, et al., (2002) through 

empirical hydrograph analysis. A peat soil hydrograph may be categorised by a small 

perennial baseflow with steep rising limbs to the storm peaks. The hydrograph may also 

be influenced if a winter flood occurs after a dry period due to inadequate storage for 

attenuating winter floods. An example of this is in a study by Conway and Miller (1960) 

where observations of a low perennial baseflow revealed a short lag time to peak 

discharge. Additionally, literature which assesses the runoff regime of peatland 

catchments in Robertson, et al., (1968) has facilitated a readjustment of the common 
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notion that a bog acts like a sponge attenuating runoff by absorbing and storing it. The 

literature which supports Robertson, et al., (1968) is old yet is still accepted.  

A study of the Dun Moss, Scotland, by Bragg (2002) showed that it is possible to 

quantify the response of mire versus other catchment soils (Figure 2.2.4), such as lithsoils, 

or other mineral material through gauging a series of streams which originate from 

various runoff origins (Smith, et al., 1995). For example, a stream originating from peat 

and one from mineral material. Chemical separation techniques were considered for this, 

however, were deemed unreliable (Smith, et al., 1999; Keleman and Ingram, 1999). A 

step further may be to calculate lag times within these streams with precipitation and 

stage-flow time series data to compare the response of different catchment soils. It is 

important to remember scale. The catchment of interest in Bragg (2002) is of very small 

spatial scale which is connected to temporal hydrometric values such as lag time and 

return time. It can therefore be utilised as a guide of how these catchments may behave, 

however cannot be considered fully representative of catchments at a larger spatial scale.  

 

 

 

 

 

 

 

 

 

Bogs and fen peatlands differ hydrologically as bog systems are rain-fed whereas 

fens have the influence of groundwater exchange. It is apparent that evapotranspiration 

and overland runoff, due to poor storage leading to rapid saturation, are main mechanisms 

in which the catchment conveys water (Low, 2020). Additionally, storage within the 

compacted catotelm is minimal and merely contributes to the little disputed perennial 

baseflow in ombrotrophic systems whereas the thin acrotelm layer may contribute 

significantly to the shape of a storm hydrograph from a peat catchment through Hortonian 

Figure 2.2.4. Dun Moss Hourly Rainfall and Discharge Data. Source: Bragg (2002).  

Note, the discharge peak from the mire and the mineral has a difference of approximately 4 hours 

whereby the mire discharge is 4 hours later than the mineral, suggesting that mineral soils will 

peak first.  
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overland flow which will cause steep rising limbs on the storm hydrograph. Little is 

known about infiltration processes in peatland systems (Holden and Burt, 2002). It is 

thought that infiltration rates in blanket peat are controlled by sub-surface percolation 

rates resulting in the saturation of near surface layers. The low infiltration rates proposed 

by Holden and Burt (2002) have not been challenged in the decade since the literature 

was published and knowledge of infiltration within blanket peat systems remain limited. 

2.2.3 Surface Roughness in Peatland Catchments  

The uplands of Scotland are home to many species of vegetation which all have a 

significant ecological function to support the ecosystem in these remote regions. Table 

3.2.1 contains some of the most found species in Scottish blanket peat environments. 

Many of these species are categorised as Alpine, Sub-Alpine or Arctic-Alpine (Averis, et 

al., 2004) and are of international importance, existing in a narrow altitudinal band of 

>750 mAOD (Nagy, et al., 2003). Surface vegetation is an important factor in the 

hydrological response of any catchment; however, it is especially important in upland 

peat and mineral catchments which have flashy hydrological regimes (Holden and Burt, 

2002).  

Significantly low storage and infiltration potential discussed in Section 2.2.2 

emphasises the importance of surface cover in the runoff generation of these upland, 

headwater catchments particularly due to surface roughness. These upland species are 

subject to a series of pressures including land management practice and climate change 

(Trivedi¸et al., 2008) and are the focus of conservation efforts (NatureScot, 2022) to 

restore and conserve ecological potential. However, it is well documented in literature 

(for example, Shuttleworth, et al., 2019) that alterations to surface vegetation will alter 

the overland runoff response of a catchment due to changes in surface friction.  
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Species Name  Species Photograph 

Cloudberry (Hermaphroditum) 

 
Sphagnum Moss (Sphagnum Fuscum) 

 
Grass Heath (Nardus Stricta-Carex) 

 
Wooly Fringe Moss (Racomitrium 

lanuginosum) 

 
 

As of 1983, just under 25% of mire in Scotland was protected under SSSi status 

(Stewart and Lance, 1983), identifying that a large proportion of Scottish moorland was 

open to exploitation through land management practices such as pastural grazing by 

sheep. In 2015, NatureScot described the state of peat environments in Scotland as 

‘unfavourable-declining’ under Article 17 of the Habitats Directive (NatureScot, 2015). 

To increase the agricultural yield, the carrying capacity for grazing animals must be 

increased through the creation of favourable conditions for heathland which subsequently 

are unfavourable for the peat. 

Table 3.2.1. Common Montane Plant Species. Sources: Walker (2016), Arctic Atlas (2022), GBIF (2022), 

Biodiveristy Ireland (2022) 
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It is important to understand the current grazing pressures on moorland because 

of the impact that grazing has on the quality and abundance of vegetation on the 

moorland. Areas where surface cover is reduced through grazing can lead to areas of once 

vegetated acrotelm being exposed and left open to erosion (Bragg, 2002) further leading 

to enhanced erosion through atmospheric processes and biochemical oxidation. An 

example of this is described in IUCN (2014) where animal footprints on bare peat become 

focal points for erosion due to breakage of the compacted surface exposing material to 

freezing and then being carried away by the wind.  

Overgrazing can be applied to wild deer, such as the red deer found in the hills of 

Scotland. It is important to consider surface vegetation trampling from a hydrological 

perspective due to the potential decrease in surface friction associated with the 

degradation of surface vegetation and water runoff. Quinton and Hayashi (2005) 

emphasise the importance in surface vegetation in the attenuation of storm runoff.  

Friction between surface water and vegetation is important in a peatland 

catchment due to the shallow acrotelm and perennially saturated catotelm giving rise to a 

small storage capacity; meaning that vegetation has a profound impact on a peatland 

catchment’s hydrological response forming eco-hydrological feedback.  The term eco-

hydrological feedback was introduced by Price, et al., (2016) where a correlated 

relationship between overgrazing and a flashy runoff regime are explained. Holden, et 

al., (2008) reinforces this notion whereby surface roughness has a major role in 

attenuating runoff and reducing the lag time between peak rainfall and peak river flow. 

Furthermore, the data presented by Holden, et al., (2008) presents findings of the greatest 

overland flow velocities occurring in areas of bare peat as well as finding that differences 

in the roughness of different vegetation can cause spatially complex variations in overland 

flow velocities. It can be reasonably stated therefore, that a high biodiversity and density 

of plants is desirable (Price and Whitehead, 2001); for example, Sphagnum moss is the 

roughest, followed by peatland mosses and grasses, heather and then bare peat although 

these claims were not supported with associated roughness values, and it is doubtful that 

they exist at this time. It is fundamentally important to understand the properties of 

overland flow due to it being a rapid means of runoff conveyance (Dunne and Dietrich, 

1990). The main types of overland flow are explained in Section 2.1.5 where saturation 

excess overland flow occurs in areas where the soil becomes saturated quickly due to low 

storage capability. Hortonian overland flow, however, occurs in situations where the 

volume of water entering a soil system is greater than the volume which can be absorbed 
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or transported (Horton, 1937). It is noted in Holden and Burt (2002) that saturation excess 

overland flow is the most prevalent mechanism of overland runoff in blanket peat 

systems, although Hortonian overland flow does occur in areas of mineral soil which is 

linked to the peat landscape.  

Strategic management of peatland environments requires informed decision 

making based on a catchment wide understanding between the connectivity of runoff 

delivery and precipitation (Lane, et al., 2007). The literature supports this with up to 80% 

of runoff being thought to come from saturation overland flow in temperate blanket peat 

environments (Holden and Burt, 2003a; Holden and Burt, 2003b; Holden, 2006). The 

catchment response of a blanket peat catchment can be subdivided into two parts: the first 

being a more rapid and greater overland flow and secondly, a slower, yet significant, 

lateral seepage through the uppermost of the acrotelm and spilling through into overland 

flow. The data in Holden, et al., (2008) may be regarded as a firm indicator of the 

effectiveness of Sphagnum moss in attenuating overland runoff through the high friction 

generated between the moss and the water. In a comparative test, a significance of 

P=0.001 exemplified the effectiveness of moss in attenuating overland runoff versus bare 

peat. Another important factor identified was runoff depth, however, slope was only 

considered a significant control overland velocity in areas of Sphagnum cover and was 

not in bare peat or grass areas. A noted decrease in lag time in bare peat areas is observed 

in Holden, et al., (2007) due to poor management giving rise to a decrease in vegetated 

cover, it is also essential to note that vegetation, such as grass or heather still alter 

overland runoff velocity although they are associated with lower friction, however not as 

significantly as bare peat. Finally, a one cm critical depth in overland runoff was observed 

in Holden, et al., (2007) and supported in Grayson, et al., (2010) where the non-linear 

runoff response leads to dramatic increases in overland flow velocities after this critical 

threshold has been surpassed giving rise to increased potential erosion potential.  
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2.2.4 Lag Time in Peatland Catchments 

 Lag time to peak discharge is simply the time between the peak of the hyetograph 

and the peak of the stream hydrograph (Black, et al., 2022). Lag time is useful for 

hydrological analysis as observed lag time is not constrained by assumptions which are 

required for modelling, such as input parameters. A storm hydrograph can be broken 

down into three major parts, the rising limb, the peak, and the falling limb. Figure 2.4.4 

shows the peak of a hydrograph with a histogram of peak rainfall superimposed over it. 

The orange line in the figure is a visual representation of the concept of lag time. The 

hydrographs in Section 5.4 also show the peak rainfall and the peak streamflow in 

graphical form.  

Although useful, the caveat is that stream response during the largest flow events 

have some uncertainty due to a decrease in gauging capability. Lag time within a 

catchment is a combination of several factors such as input, physical characteristics of the 

soil and land cover as well as land use (McCuen, 2005; Black, et al., 2022). Observations 

in Synder (1938) show that lag time analysis has existed for many decades, presenting a 

case for its robustness as an extension to graphical hydrograph analysis (Fang, et al., 

2005). There are many ways to carry out lag time analysis, one way to analyse lag time 

is through locating the centroid of the hyetograph and then finding the peak discharge in 

the corresponding hydrograph as shown in Gericke and Smithers (2014) and 

Shuttleworth, et al., (2019).  

Black, et al., (2022), using protocols set out in Shuttleworth, et al., (2019) and 

Deasy, et al., (2014) use a set of event characterisation rules, which must be established 

to ensure that each event in a series is separate (Hale and McDonnell, 2016). Another 

consideration for calculating lag time is the utilisation of an acceptable average. Black, et 

al., (2022) used the median lag time as this seemed insensitive to outlier data.  

Finally, a potentially significant drawback to this method is the uncertainty within 

the instrumentation used to collect and store the continuous time series data of streamflow 

and rainfall. Uncertainty can be reduced drastically by regular maintenance and 

uncertainties lie within the precision of the of storm depth and river stage, not the timing 

of the greatest recorded values. Observed data used in lag time analysis undergoes 

rigorous security before its use, compared against the performance of loggers and rainfall 

data, for example water balance checks, to ensure that the data is reliable, keeping 

assumptions about the data’s validity to a minimum.  
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2.2.5 Restorative Management on Peatland Catchments  

Management of peatlands to restore damaged vegetation has given rise to studies 

such as that in Shuttleworth, et al., (2019) whereby analysis of revegetation has yielded 

positive results (Figure 2.2.5). Within the study, a 106% increase in lag time was 

presented relative to the control along with a 27% decrease in peak flows. Typically, 

poorly managed peatland systems are considered flashy with a high conveyance of runoff 

into the river leading to high peak flows (Holden and Burt, 2003a). This is especially true 

in bare peat systems where overland saturation excess runoff is generated at high velocity 

due to a decrease in surface roughness. The Revegetation is an attempt to increase surface 

roughness and attenuate runoff velocities by reducing the area of hydrophobic bare peat 

and increasing sphagnum cover (Egglesman, et al., 1993; Evans, et al., 2005). No change 

in runoff coefficient was observed, implying that there was no change in slope storage, 

however hydrograph form showed wider shapes with lower peaks. Additionally, gully 

blocking in addition to revegetation further attenuated overland velocities, subduing the 

hydrograph form without any change in runoff coefficient again. No change in runoff 

Figure 2.2.5. Relative Difference Between Treatment and Control Sites for Key Hydrograph 

Metrics. Source: Shuttleworth, et al., (2019). 

Findings for metrics; lag time (a and b), peak discharge (c and d), hydrograph shape index (e 

and f). Positive values indicate greater metrics at the control whereas negative values are the 

opposite.  
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coefficient is useful to know as it provides evidence that runoff is attenuated by large 

spatial change in surface roughness and not storage, which is limited in mire 

environments. Pan and Shangguan (2006) reinforce this, yet it should also be considered 

that these data come from a single catchment study where gully blockage design may not 

be optimal for enhancing mire storage capacity (Milledge, et al., 2015). 

It is difficult to carry out a desk-based analysis of catchment response to 

restorative management as there is so little literature spanning an adequate temporal scale 

with the only current examples of comparative peatland hydrograph analysis coming from 

Tibet in Zhang, et al., (2012) and Zhang, et al., (2016). Shuttleworth, et al., (2019) 

presents the first catchment scale evidence for hydraulic roughness as the principal 

descriptor-based control for peatland runoff driving the precipitation-runoff response. 

The findings are consistent with previous literature such as Holden, et al., (2008) and 

Grayson, et al., (2010). These additional sources facilitate assumptions that surface 

roughness attenuating lag time will only improve temporally as vegetation becomes more 

established. Revegetation as a means of NFM is due to the temporal improvement in 

effectiveness giving this method longevity over storage-based methods. Sphagnum is a 

peatland keystone species (Rochefort, 2000) due to its role in maintaining a shallow water 

table (Gorham and Rochefort, 2003). Strategic placement of revegetated areas may slow 

time to peak discharge to ~10% of the rate observed in bare peat areas. (Holden, et al., 

2008; Gao, et al., 2016). The overall ability for revegetation to attenuate flood discharge 

is dependent on sub-catchment hydrograph synchronisation also, which contribute to the 

overall catchment hydrograph (Pattison, et al., 2014) as explained in Metcalfe, et al., 

(2018). Hydrograph synchrony is extremely important as synergy between catchments 

may lead to the combination of flows leading to a greater flood peak as exemplified by 

the Allen Water scheme in Nut and Perfect (2011). Here, sub catchment flows combined 

and increased the flood risk instead of reducing it. 
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2.3 Summary of Peatland Hydrology 

Overall, there are a combination of factors which influence a peatland catchments 

response to precipitation. A distinction must be made between the type of peatland being 

observed in terms of ombrotrophic rain fed bogs and fens which can receive water through 

subterranean hydraulic processes and runoff from mires (Evans, et al., 1999). Rain-fed 

mire with its perennially saturated catotelm (Gilman, 1994) and low hydraulic 

conductivity leads to low storage potential and thus a greater incidence of overland 

saturation flow as its principle means of catchment efflux (Ingram, 1989). Due to this, 

surface character of the mire in terms of vegetation cover is extremely important. 

Overgrazing, draining and general poor management may lead to surface vegetation being 

stripped and bare peat exposed. Bare peat and reductions in the spatial coverage of surface 

mosses is catastrophic hydrologically due to the decrease in surface friction between 

overland saturation flow and the vegetation (Roulet, et al., 1992) leading to greater 

overland flow velocities and ultimately significantly decreased hydrological lag times and 

increased peak discharge.  

Observed changes in lag time from multiple sources indicate that revegetating 

bare peat areas with Sphagnum mosses will attenuate overland runoff and in turn greatly 

impacting the efficiency of the catchment. The combination of restorative management 

techniques may greatly reduce overland flow velocities which reduce the peak discharge 

and create a wider, less impulsively shaped hydrograph form whilst producing no change 

to runoff coefficient. The caveat to this, is that there is a risk for hydrograph synchrony 

which may lead to tributaries peaking at the same time, leading to greater peak discharge 

where these tributaries combine. 
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2.4 Mineral Catchment Hydrology.  

2.4.1 Introduction to Rocky Mineral Catchments  

Existing literature regarding rocky mineral catchments has gaps, especially with 

regards to overall runoff response (Vasquez and Feyan, 2010) largely due to inadequate 

time series data. Hydrographs from a steep, headwater catchment in Italy demonstrate the 

potential for mineral catchments to have impulsively shaped hydrographs with steep 

rising limbs and short-lived peaks (Gregoretti, et al., 2016). These hydrographs are 

initially attributed to low storage mineral soils and high incidence of bedrock exposure 

Jordan (1994). It is likely that these catchments can be defined as those with a high 

incidence of thin mineral soil and or exposed bedrock sections, although literature which 

defines rocky mineral catchments has not been found.  

The runoff response of a catchment is a combination of many hydrological 

descriptors within the catchment. One of these descriptors is the antecedent soil 

conditions, which vary seasonally (Ledingham et al., 2019). Pre-event saturation leading 

to extreme levels of overland runoff is cited numerously in literature (Hewlett and 

Hibbert. 1967; Dunn, 1978), however in the case of upland rock and mineral catchments 

in the Central Grampian Highlands, it is likely that these less permeable landscapes are 

less sensitive to antecedent moisture (Jordan, 1994) due to thin soil storage and some 

incidence of bedrock exposure, however, still produce rapidly formed high magnitude 

flood events. In terms of bedrock exposure, in some catchments this is extremely 

prevalent. In most upland catchments in the Cairngorms, however, bedrock more likely 

to be covered by a thin, superficial mineral soil layer.  

2.4.2 Local Contextual History and Runoff Generation 

There is a wide range of literature which explains the geological history of the 

Central Grampian Highlands (CGH), for example Lukas, et al., (2004) where 

explanations of the geology of the Gaick and wider CGH can be found. The Feshie 

catchment (~235 km2) has an altitudinal range of 230-1262 m AOD (Soulsby, et al., 2006) 

with the hills of the CGH rising steeply on either side.  

Today, the CGH consist of many low-relief plateaus which show only minor signs 

of glacial modification (Phillips, et al., 2006) formed from the Cairngorm paleo-surface 

(Ringrose and Migon, 1997; Ebert, 2009). Paleo-surfaces are relic landscapes of the pre-

quaternary which have been weathered for tens of thousands of years (Hall, 2008). 
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Erosion of mineral rich rocks have led to thin mineral subalpine soil which may not be 

easily recolonised by vegetation due to high winds and extreme seasonal weather high on 

the Mòine Mhór (Bragg, et al., 2016).  

Mountain hydrology is one of the most complex hydrological systems to monitor 

due to the remoteness of the landscapes. It is highly variable in space and time (Becker, 

2005), and must be approached on a case-by-case basis. Hydrological response to rainfall 

in the mountains has undergone tremendous change within recent decades, driven by land 

use and climate change (De Jong, 2015). The intensification of the global hydrological 

cycle (Provenzale and Palazzi, 2014) created by a stepwise change in global climate 

warming has led to changes in precipitation patterns, for example the decreasing ratio 

between snow and rainfall (Serquet, et al., 2011; Beniston, 2012).  

The combination of these factors determines the water balance of landscape units, 

including moisture, evapotranspiration, and runoff generation. During an assessment of 

runoff generation in subalpine catchments, not only is the volume of water important but 

so is the relative contributions from surface and subsurface runoff. These contributions 

may differ considerably spatially (Buttle, 1998). Uhlenbrook and Leibundgut (1997) 

present an overview of runoff mechanisms in different mountainous environments. In 

addition, Bonnell (1998) explores the environmental factors impacting mountainous 

runoff. These sources both support the importance placed on the incidence of bedrock. 

Fissures within the bedrock sections allow for an initial abstraction of rainwater, however 

if rainfall continues after the hyetograph peak, overland runoff due to the low hydraulic 

conductivity of bedrock leads to the propagation of a large flood wave. The wave occurs 

through exploitation of bedrock channels leading to the rapid conveyance of rainwater in 

the main river channel (Boorman, et al., 1995; Degetto, et al., 2015). The flood wave 

grows rapidly as it travels downstream and contributes to an extremely steep rising limb 

with a short-lived peak discharge.  

Hawkins, et al., (2009) illustrates the minimal surface friction associated with 

these areas due to subalpine soils surrounding bedrock areas in mountainous catchments. 

Due to the lack of adequate vegetation to facilitate high friction and thus runoff 

attenuation, these thin soils become inundated rapidly because of low storage capacities 

making overland flow the principal runoff mechanism. An example is Hortonian 

saturation excess flow, due to the thinness of mineral and alpine soils is the runoff 

mechanism most associated with rocky mountain catchments (Horton, 1937; Lange, et 

al., 2003). Hortonian overland flow is when precipitation rate exceeds the lands hydraulic 
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conductivity whereas Dunne overland flow occurs when the hydraulic conductivity of the 

soil is high, but the water table is low (Dunne, 1978; Yang, et al., 2009). Additionally, 

Milly (1994) supports this as low vegetation cover in these upland catchments leads to 

low incidence of evapotranspiration, increasing confidence in the assertion that that 

runoff through overland flow is the main process by which a mountain catchment conveys 

runoff. 

Given that mountains cover around 24% of Earths surface and occupy 32% of 

global total runoff (Marston and Marston, 2017), it is obvious that they occur in many 

different environments with many different climatic influences in their hydrological 

regime. It is highlighted in Wohl (2010) that differing mountain environments generate 

profoundly different runoff regimes. Semi-arid mountains such as those found in Europe 

and the United Kingdom can experience ephemeral flows from rainfall or perennial flows 

where snowmelt augments the runoff. In other mountain ranges, such as those in 

Antarctica, seasonal ephemeral flows dominate and conversely mountains with warm 

humid climates are dominated by perennial flows with large discharge storm events. 

Generally, the Grampian uplands fit into the semi-arid category as the rivers which run 

in the valleys have a perennial baseflow with top ups from snow melt and rainfall events. 

The type of environment which the mountains are in determines the vegetation which 

would be found there. Marston (2010) outlines the important ways in which vegetation 

impacts mountain hydrology; 1) vegetation modifies soil moisture through interception 

processes, 2) organic matter in the soil can increase storage of the soil, 3) roots bind soil 

against piping mechanisms and soil erosion, and 4) vegetation increases surface 

roughness attenuating overland flow rates.  

2.4.3 Summary of Mineral Catchment Hydrology 

This section presents a general understanding of the hydrology of mountainous 

catchments, however literature relating to rocky mineral catchments are thwart with gaps 

in knowledge due to the remoteness of the study areas. There is great difficulty in 

achieving meaningful time series datasets relating to streamflow in these areas. Literature 

that does exist is highly specific to the study catchment, making a desk-based analysis 

extremely difficult in terms of creating an area specific overview. Hydrographs from 

mountainous catchments usually have a rapid rise along with a short-lived peak, which is 

expected from upland headwater catchments in Scotland under current land use. These 

hydrographs have been attributed to thin, well-draining soils and high incidence of 

bedrock combined with steep compact slopes.  
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2.5 Hydrometric Rating Equations 

2.5.1 Introduction to Stage-Discharge Rating Curves.  

A stage-discharge rating curve (Figure 2.5.1) is the graphical expression of the 

equation which describes the relationship between stage (h) and discharge (Q) for a 

certain point in a stream (Herschy, 1999), usually at a gauging station. At this point, 

manual gaugings of river Q are taken and can be plotted on a graph (x) against h (y) to 

represent their relationship. Stage measurements are taken using air pressure to calculate 

water depth at a gauging station as continuous time series data. These h-Q measurements 

calibrate the rating curve. An empirical rating curve is not always a fixed measure but can 

change over time due to changing hydraulic controls such as stream bed and bank 

deposition or erosion leading to a change in channel geometry. A permanent control helps 

assist the development of a rating curve which is resistant to temporal change. An 

example of a permanent control is a bedrock weir at the top of a step-pool channel. If the 

stream is gauged in a highly mobile area, this would be known as a shifting control. The 

equation used to derive the h-Q relationship varies in form, for example Q= a(h+b)c where 

h is stage, a is the multiplier, b is datum correction and c is the shape parameter (CEH, 

2022) 

 

 

Figure 2.5.1. Hydrological Rating Curve Example. Source: Pederson, et al., (2019) 
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2.5.2 Empirical Rating Curves 

Reliable streamflow time series data is essential for hydrometric analysis, 

however, to achieve this can be costly and come at great physical effort to maintain 

(Harmel, et al., 2006). Environmental managers must be able to rely on the relationship 

between h-Q to make strategic decisions which may impact socio-economic trajectories 

locally and regionally (McMillan, et al., 2018: Mansanarez, et al., 2019). It is extremely 

important to have confidence within the rating equation generated from empirical time 

series data due to the high risks associated with incorrect scientific conclusions 

(Westerberg, et al., 2016; Wilby¸ et al., 2017), this is represented in McMillan, et al., 

(2017) by exploiting the example of hydropower industries in Norway.  

Hydrometric monitoring in terms of Q is extremely difficult to manually measure 

for scientifically significant periods of time, thus justifying the role of the empirical h-Q 

rating curve (Rantz, 1982; Herschy 1993). These rating curves can be adjusted by the 

addition of manual gauging across a range of flows (Scmidt, 2002). However, intrinsic 

assumptions within the mathematical extrapolation of these curves out with gauged flows, 

create uncertainties within the rating curve leading to decreased confidence at the highest 

and lowest flows (McMillan, et al., 2012; Kiang, et al., 2018). As such, uncertainties 

within hydrological rating curves have been studied extensively, for example in Coxon, 

et al., (2015) and Le Coz, et al., (2014) giving rise to extensive research on comparisons 

and compensations to these uncertainties. 

One of the greatest criticisms within empirical data collection through manual 

gauging is the physical effort required to create a rating curve which is considered 

acceptable. Birgand, et al., (2013) proposes a minimum of 22 manual gauging per year 

giving rise to a series of concerns such as cost of operator payment, risk to operator due 

to high flows, and the reliability of the data due to flashy catchments with short lived peak 

flows not allowing time for the operator to travel to the gauging site as shown in 

Westerberg, et al., 2016). Additionally, WMO (2010a, 2010b) states that the risk to the 

operator due to high energy flood events occurring during the night poses an unacceptable 

risk to life, thus acceptable means to extrapolate the curve must be achieved differently.  

It is expected that climate change will increase the incidence of and peak discharge 

of flood events facilitating more regular mobilisation of channel bed substrate, regularly 

altering channel morphology, thus shifting the hydraulic controls (Milly, et al., 2005; 

Tomkins, 2014; Hirsch and Archfield, 2015). The expected rate of change within riverbed 
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geometry has implications for the reliability of empirical rating curves due to the rapid 

demand for reliable data from expanding industries (Monanari, et al., 2013; Ceola, et al., 

2016). These sources reinforce the concern of temporal changes to empirical rating curves 

however gauging station placement in resilient areas of the stream, such as bedrock zones 

may reduce the temporal variability of the rating curve yet may have implications for the 

quality of h data being recorded through a boiling effect of white water in narrow V 

shaped bedrock reaches. This notion gives rise to a ‘trade-off’ between reducing the need 

to account for a shifting control, yet boiling flows may produce a jagged h hydrograph.  

2.5.3 Computer Modelled Rating Curves 

The contemporary alternative to empirical rating curves is the computation of a 

flow model. Modelling has been said to undeniably increase the accuracy of peak flow h-

Q data when compared to the uncertainties of an extrapolated manual rating curve (Kean 

and Smith; 2005; Lang, et al., 2010). Research such as that in Reistad, et al., (2007) has 

presented reliable h-Q estimations using HEC-RAS (Hydraulic Engineering Centre River 

Analysis System) with accurate input parameters. Computer modelling is highly 

dependent on input parameter accuracy, for example input topography and Manning’s 

roughness values are the two more subjective and uncertain input parameters noted 

widely in the literature (Acrement and Schneider, 1989; Hankin and Beven, 1998; Hardy, 

et al., 1999).  

Input parameters greatly influence the accuracy of the model and have been shown 

to generate accurate and reliable models (Lee, et al., 2017) especially in situations of 

unsteady flows, curve hysteresis and ephemeral streams (Bullard, et al., 2007; Clayton, 

and Kean, 2010). Additionally, these models can be applied to ungauged locations. Lam, 

et al., (2016) exemplifies how accurate modelled rating curves can be, especially when 

supported by earlier work in Lyon, et al., (2015). However, all the literature stresses the 

importance of the input variables as the greatest source of error (Casas, et al., 2006). Due 

to topographic data being one of the two most important input variables, it is necessary 

to carry out a high-resolution topographic survey to ensure that a model has the best 

possible chance at creating reliable outputs.  

Baldassarre and Claps (2011) highlights extrapolation uncertainties within 

empirically generated rating curves and propose the use of HEC-RAS, as mentioned 

above, due to its multi-decadal track record (Dimitriadis, et al., 1957). There has been a 

significant increase in the use of hydraulic modelling software such as HEC-RAS in terms 
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of the creation of 1D, 2D and 1D-2D linked hydraulic models, especially for ungauged 

catchments.  

 HEC-RAS is not raster based (Dimitriadis, et al., 2016) and thus requires low 

computation power to produce models which are considered acceptable. HEC-RAS has a 

series of solver options and is resistant to uncertainties based on surface profile 

oscillations (Wara, et al., 2019) as tested against ADCP gaugings. The curves generated 

by HEC-RAS models, converse to manually gauged curves, produce outputs in discharge 

which are then converted to stage (Crawford, 1991; Dottori, et al., 2009; Timbadiya, et 

al., 2011). The use of HEC-RAS allows for greater understanding of h-Q relationships 

through a range of conditions including steady and unsteady conditions (Muste and Lee, 

2013). In fluid dynamics, steady state simulations are where key parameters such as 

velocity and viscosity among others do not change with time, whereas in unsteady 

situations, key parameters do change with time (Pappenberger, et al., 2005; Morvan, et 

al., 2008). Additionally, Baldasaarre, et al., (2009) exemplified through 5 HEC-RAS 

models that modelling is optimal to support empirical gauging in certain rivers where 

peak flows exceed wadable conditions. A final uncertainty to consider within 1D HEC-

RAS models is the computation of flow as a uni-directional mean velocity spread across 

the channel (Brunner, 2001), which does not allow for multi-directional flow analysis in 

the event of flood plains. However, given its ease of access and low computational power, 

the 1D model which is produced can still be considered acceptable and useful for rating 

curve development, especially in confined upland v-shaped valleys and constrained 

channels where floodplain connectivity is low. A 2D modelling approach with a high-

resolution DTM mesh can represent floodplain flow pathways, yet this requires a highly 

detailed topographic mesh and supporting fluvial walkovers to ascertain the correct 

roughness parameters meaning that 2D modelling would better represent the third site in 

this research, however the 1D approach is considered acceptable in Ramsbottom and 

Whitlows (2003) best practice handbook for extrapolating rating curves.  

2.5.4 The Velocity-Area Method for Rating Curve Creation (Q = VA) 

In most cases, flow rating curves are approximated by least square fitting. The 

performance of a least square fitting is limited by measurement variability across a range 

of flows. Mansfreda, et al.., (2020) presents a four-gauging station evaluation of the area 

multiplied by velocity method for flow rating derivation. In principle, rating uncertainty 

is at least partially reduced as cross-sectional geometry is multiplied against empirical 

velocity observations, in a section of river where there is confidence in the empirical flow 
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measurements within the limited range of flows. The literature draws the conclusion that 

this method excels in data scarce environments, for example, remote upland gauges as 

the applicability of the method was evaluated using variable datasets. It is worth noting 

that like stage-discharge curves, the Q = VA assumes steady state conditions neglecting 

hysteresis observed in stage and discharge during high flow events (Dottori, et al., 2008) 

which may have an impact on the regression function extrapolation to high values. 

Anecdotally, if two gauging stations are in proximity, streamflow data which may be 

impacted by unsteadiness caused by a rapid increase in stage can be corrected using water 

slope and stage data (Fenton and Keller, 2001). The Q = VA methodology is a version of 

the flow-area model (Manfreda, 2018). The traditional rating equation appears as 

variations of Q= a(h+b)c where a, b and c are the rating parameters (Clarke, 1999). The 

Q = VA method can be fitted using cross sectional surveys of the riverbed topography at 

the gauge, making it relatively simple and sensible to implement, especially in an area of 

permanent control.  

Comparative analysis of the Q = VA in Mansfreda, et al., (2020) highlighted that 

this method outperformed the traditional stage-discharge relationship when the sample 

size of empirical flow gauging were less than 10, whereas as the sample size increased, 

the traditional stage-discharge curve informed by Q= a(h+b)c was considered more 

appropriate. It is on this basis, that the Q = VA method for achieving a rating equation 

with a high degree of confidence may be useful for remote upland gauges. This is due to 

the difficulty in achieving an optimal range of flow measurements to calibrate the Q= 

a(h+b)c  method as a result of the remoteness, and danger to life during high flow events.  

2.4.5 Summary of Hydrological Rating Curves.  

 As climate changes and the requirement for reliable rating curves grows, the 

environmental managers of the world increasingly depend on time series stage-discharge 

data. Hydrological rating curves can be developed through empirical manual gaugings at 

discrete locations within a stream, usually beside a gauging station. These are used to 

calibrate a manually constructed rating curve which is known to be very accurate in mid-

range flows. However, extrapolation to extreme flows is regarded as unreliable due to 

some mathematical uncertainties, lowering confidence. These curves are also seen to be 

inaccurate at the lowest of flows. These manually developed curves require a large 

commitment by the operator to continually gauge the stream year-round to avoid 

uncertainties related to temporal variation of shifting controls and to ensure an acceptable 

rating curve is produced across a range of flows if the gauge location requires it. However, 
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these drawbacks are matched by the ease and convenience of the manually developed 

rating curve as one can be quickly produced and regularly updated with new gaugings. 

Additionally, there is no subjective input parameters to include such as topography or 

roughness coefficients and these curves can be produced with low cost and computation 

power making them a powerful tool, and the standard in hydrological analysis.   

The most common alternative is computer modelled rating curves such as those 

which can be developed in HEC-RAS as well as several different software packages. 

These are shown across a great range of literature to be reliable and useful in areas of 

unsteady flow or ungauged locations. Models provide an insight into the h-Q relationship 

in areas where manual gaugings may not be possible, and at the most extreme flows. 

However, these models require accurate input parameters, which if wrong can 

detrimentally impact the accuracy of the model. Subjectivity in parameters such as the 

appropriate roughness coefficient variable and topographic data sources can lead to 

highly inaccurate models. Generally, models require high computation power and a range 

of input variables, however HEC-RAS 1D modelling has a multi-decadal track record and 

a wide availability meaning that it can produce rating curves for free, meaning that for 

analysis of the h-Q relationship, it can be a useful tool when it is correctly applied. 

Optimal topographic data from a high-resolution survey and LiDAR as well as correctly 

estimated roughness parameters can lead to models which are accurate and a reliable 

means to extrapolate rating data beyond gauged flows.  

Finally, the Q = VA methodology for rating curve creation uses surveyed 

topography against observed average velocity at a gauging station. Due to this, it is 

reasonably easily to implement. The Q = VA method is more robust with a gauging 

sample size less than 10 measurements, so it is likely to be a reasonable methodology for 

the extrapolation of the empirical rating curve beyond gaugings in remote and upland 

areas.  
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Chapter 3: Study Area 

3.1 The Feshie Catchment Overview 

  The River Feshie Catchment (Figure 3.1), which has an area of 230-235 km2 

(Soulsby, et al., 2006; FEH, 2022) is a highland river basin located in the Central 

Grampian Highlands, Scotland. The Feshie runs from its headwaters on the Gaick plateau 

through a glacial trough which dissects the plateaux of the Moine Mhor and Gaick 

(Werritty and McEwan, 1997) down to where it drains into the Spey approximately 2 km 

downstream of Loch Insh. The character of the river changes enormously as it descends 

Glen Feshie from a classic incised headwater channel to a wider river with greater 

floodplain connectivity and bed substrate mobility as shown in Young (1975).  

 

Werritty and McEwen (1993) highlight that the mid-river currently reworks the 

Holocene valley floor through incising thick glacial outwash tills which originated from 

the down-wasting of the Gaick icecap (Rumsby, et al., 2001) generating large volumes 

of meltwater which flowed under gravity through the valley we now identify as the 

Feshie. 

Figure 3.1. River Feshie Catchment Delineation. Source: FEH (2022) 
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3.2 The Study Sites 

 To meet the aim of this research, two catchments with contrasting physical 

characteristics were chosen for a comparison of their hydrological response. The 

catchments can be seen in Figure 3.2.1 and are named the Lower Eidart and Upper Feshie.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.2.2 presents the general catchment characteristics for the Feshie 

catchment. The influence of soil characteristics has long been acknowledged as one the 

most important controls on the spatial variations in runoff pathways and storage potential 

in a catchment (Soulsby, et al., 2006). Soils act as the interface between parent lithology, 

topography and land use making them a first-order control on the subdivision of 

hydrological flow pathways and storage potential (Soulsby, et al., 2004). Therefore, it is 

important to be able to quantify runoff response of different soil types. 

 

 

Figure 3.2.1. The Study Site Catchments. Source: FEH (2022)  

 

29.88 km2 

29.97 km2 
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The Lower Eidart joins the Feshie upstream of the Upper Feshie Confluence, 

whereby the gauge at the Upper Feshie Confluence gauges the combined catchment of 

Lower Eidart and Upper Feshie. Site Upper Feshie is the uppermost of the study 

catchments. Figure 3.2.1 highlights that the catchments of Lower Eidart and Upper Feshie 

are of comparable size at 29.88 km2 and 29.97 km2 respectively as informed by the FEH 

web service (FEH, 2022).  

 

 

 

Figure 3.2.2. The Physical Characteristics of the Lower Eidart and Upper Feshie Catchments. 

Source: Soulsby, et al., (2006).  
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3.3 Catchment Characteristics 

3.3.1 The Lower Eidart (Moine Mhor) 

The Moine Mhor, or The Great Moss is a montane area of high conservation value 

in the highest reaches of the River Feshie catchment. The Moine Mhor lies as a blanket 

peat and mineral soil plateau with a mean elevation of 869 m AOD (Table 3.3.1). The 

29.88 km2 catchment drains into the river Eidart which is gauged at its outlet. Table 3.3.2 

describes that the Lower Eidart is 59.5% shallow alpine mineral soil with 27.6% blanket 

peat.  

 

The Moine Mhor has been categorised as a bare peat catchment for the purpose 

of this research due to ground proofed observations of overgrazing and trampling. Figure 

3.3.1 is an example of a bare peat area with a peat hag.  

Figure 3.3.1.  A Bare Peat and Hag Area on the Moine Mhor. Sourced with permission from Dr Andrew 

Black. 

Peat hags occur when water flows downwards, accelerates and erosion occurs. It occurs where peat has 

been exposed, often by overgrazing. As the hag gets more prominent, the erosion worsens due to increased 

potential energy for the water, creating an erosive feedback loop.  
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In addition to Figure 3.2.2, Figure 3.3.2 presents a GIS map of the superficial 

deposits of the Lower Eidart, Upper Feshie and combined catchments clipped from a BGS 

(2022) dataset.  

  

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2 The Upper Feshie catchment 

The Upper Feshie catchment can be categorised as a blanket peat catchment as it 

is more than 65% blanket peat (Table 3.3.2) along with 19.7% subalpine mineral soil 

which sits at an average elevation of 698 m AOD (Table 3.3.1). This catchment is 29.98 

km2.  

 

 

 

 

 

Figure 3.3.2.  A Map of the Superficial Deposits of the Study Catchments. Source BGS (2022) 
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Table 3.3.1.  Catchment Descriptors for Lower Eidart and Upper Feshie. Source: FEH (2022). Catchment 

descriptors represent a feature of a catchment as a single value, for example mean altitude (Altbar). 

Descriptor 

Lower Eidart Upper Feshie 

Outlet 291200788550 290850787200

NGR NN 91200, 88550 NN 90850, 87200

Area 29.88km2 29.98km2

Altbar 869m 698m

Aspbar 204 degrees 63 degrees

Aspvar 0.25 0.21

Bfihost 0.363 0.532

Bfirhost19 0.291 0.382

Centroid E 291,947m 286,570m

Centeroid N 793,594m 785,532m

Dplbar 7.11km 6.99km

Dpsbar 171.1m/km 132.5m/km

Farl 0.999 0.977

Fpext 0.0184cm 0.0416cm

Fpdbar 0.273cm 0.553cm

Fploc 0.875 0.727

Ldp 12.27km 13.47km

Propwet 0.72 0.72

RmedH1 10mm 9.8mm

Rmed1D 42.8mm 37.3mm

Rmed2D 64.2mm 54.8mm

Saar6190 1,666mm 1,438mm

Saar4170 1,773mm 1,668mm

Sprhost 58.85% 53.74%

Urbconc1990

Urbext1990

Urbloc2000

CatchmentRain C -0.019 -0.019

catchmentRainD1 0.452 0.415

CatchmentRainD2 0.534 0.507

CatchmentRainD3 0.381 0.393

CatchmentRainE 0.248 0.246

CatchmentRainF 2.411 2.397

GridRainD1 0.444 0.437

GridRainD2 0.518 0.534

GridRainD3 0.374 0.375

GridRainC -0.018 -0.018

GridRainE 0.245 0.244

GridRainF 2.332 2.335

Catchment
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3.3.3 The Combined Catchment.   

The catchments of Lower Eidart and Upper Feshie join at site Upper Feshie 

Confluence. The Upper Feshie Confluence catchment contains both blanket peat and 

postglacial moraine deposits (Figure 3.3.2) as both sub catchments are included within 

the overall catchment. The superficial deposits of this catchment can be observed in 

Figure 3.3.2. The immediate vicinity of site Upper Feshie Confluence is dominated by 

stratified fluvial till deposits of mostly sand and gravel which have been sorted. There are 

also deposits of blanket peat at a slightly higher elevation on the valley sides along with 

some alluvium.  

 

 

 

 

 

 

 

 

 

 

 

 

  

Table 3.3.2.  Soil Types of Lower Eidart and Upper Feshie. Source: Soulsby, et al., (2006) 

Soil (%) Upper Feshie Lower Eidart

Peat 65.1 27.6

Peaty Podzol 10.1 9.6

Subalpine 4.5 3.5

Shallow Alpine 19.7 59.5

Alluvial 0.5 0

Superficial Deposits
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Chapter 4: Methodology  

 To undertake this research, time series flow and precipitation data were provided 

by Dr Andrew Black along with rating equations for the gauging stations which gauge 

the study catchments. These rural catchments present issues for calibration gaugings and 

so the first element of this research was to extend the rating equation beyond the manual 

gaugings. Two methods were employed for this, HEC-RAS 1D hydraulic modelling and 

the Q = VA method. Validation of these results by visual analysis, application to the level 

data and Q = VA verification in a three-tier process was the second element. Finally, 

analysis of hydrological metrics such as lag time to peak discharge and hydrograph form 

were undertaken once the ratings were judged to be adequate. To undertake the modelling, 

a high-resolution topographic survey was required as there is no high-resolution 

topographic data available for the rural catchments in this study.  

4.1 Topographic Survey  

During review of existing topographic data for the study area, it was found that a 

high-resolution topographic survey of each site must be undertaken using precise 

instrumentation to be able to meet the aims of this research. For this reason, a Trimble 

R12i Real Time Kinematic Global Navigation Satellite System (RTK-GNSS) was 

selected for use with a Trimble TSC7 controller. The GNSS was selected due to its ability 

to measure and store georeferenced elevation data of high precision as well as having a 

tilt compensator so the surveyor can take measurements in un-wadable and out of reach 

areas of the channel geometry. The survey equipment is pictured being used in Figure 

4.1.1. GNSS for river survey use is justified in Lee and Choi (2007) who state that GNSS 

survey is 15.3% more time efficient relative to conventional survey methods such as a 

Manual Total Station or Dumpy Level. The 2007 source exemplifies the usefulness of 

GNSS in river surveys yet is over a decade old and the 15.3% time saving is likely 

considerably higher today, however no recent revision of this statistic has been located.    
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 The GNSS works using a roaming sim card which utilises any mobile network 

signal which is available in the area, however, due to the remoteness of the survey sites 

in this research, no mobile phone coverage existed. Due to this, a Trimble R10 GNSS 

base was used to work in tandem with the R12i rover in a base and rover system. The 

base is set up with no fixed position, so it is set to autonomous mode meaning that it 

receives satellite signals at a pre-defined time step throughout the day (IC, 2021). The 

Trimble R10 base, pictured in Figure 4.1.2, therefore becomes a position of known high 

accuracy because several hours of satellite signal generates an accurate base position after 

post processing. The R12i rover connects to the base through a radio link and all 

observations measured by the RTK are relative to the base position at this stage before 

post processing. During post processing, georeferenced observations relative to the base 

can be used to confirm the observations true position relative to OS Datum Newlyn. As 

stated, the base and rover system are linked through radio signal, so the base placement 

was essential for speed and reliability of the communications throughout the survey.  

 

 

Figure 4.1.1. Trimble R12i GNSS Rover in Use, Lower Eidart.  
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To set the base up as shown in Figure 4.1.2, a high vantage point was in the middle 

of all 3 survey reaches (Figure 4.1.3) to ensure a strong radio connection could be 

maintained between the base and rover all day. Once an appropriate area had been located, 

the tripod was erected and the GNSS base was attached before its height was measured 

to a control pin by a Disto. The Disto was double checked against a conventional 

measuring tape for accuracy on the first set up and used alone on the second set up. Once 

the base height had been entered into the controller, the base was then connected to the 

rover.  

The R12i had been pre-tuned to the R10 base before the field visit to ensure that 

set up did not waste valuable survey time. Due to the rolling nature of the hills in the 

Upper Feshie catchment, the base had to be erected twice, due to the rolling topography 

reducing signal strength. The base and rover system do not theoretically require line of 

sight due to radio wave propagation and the role of the ionosphere in radio 

communication (Poole, 1999). Short distance radio communication, however, is reduced 

by the mountainous topography and therefore two base set ups were required. However, 

Figure 4.1.2. Trimble R10 GNSS BASE.  
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this was not an issue due to the efficient nature of the equipment meaning that set up took 

approximately 10 minutes each time.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.3. Approximate Locations of Base Stations Relative to Survey Locations.  Source:  Edina 

Digimap (2022) 
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Once the base and rover were set up and connected, the survey team travelled to 

the survey reach and began the topographic survey. Hydraulic models are subject to two 

main sources of error, topographic data input and incorrect roughness coefficients (Filion 

and Karney, 2003; Bessar, 2020). In terms of topographic data input, two main types of 

survey can be undertaken: scatter based and cross sectional, depending on the type of 

simulation which is being undertaken within the modelling software.  

A scatter-based survey includes taking a scatter of points at pre-determined 

resolution (for example one-two m). To undertake this survey, points would be measured 

at one-two m intervals in zigzags so that surface triangulation can be achieved in 

Autodesk Civil 3D software, which aids the creation of a highly detailed Digital Terrain 

Model (DTM) which is the required resolution for 1D/2D and 2D modelling. However, 

for a low to high flow simulation of a flood event, primarily with high flows remaining 

in-channel, a 1D model informed by a highly detailed cross-sectional survey was chosen, 

with several scatter-based data observations being taken at confluence sites as 

representing these in cross section form is very difficult. To carry out the cross-sectional 

survey, the river was traversed, taking measurements with the GNSS. These cross 

sections were taken in a feature-based way, meaning that cross section locations were 

chosen based on hydraulic features such as riffles and pools.  

Before the survey was undertaken, a walkover of the reach took place so that main 

hydraulic controls were identified. Obtrusive objects such as boulders, changes in bed 

gradient (which attenuates flow facilitating pool and riffle formations (Leopold and 

Maddock, 1953)) and stage-independent bedrock control pool and cascade sections were 

all carefully considered as it is recognized that these features of the channel geometry 

play a role in river stage in both low and high flows. Additionally, the downstream 

boundary condition of the hydraulic model is paramount in terms of model accuracy 

(Pappenberger, et al., 2005; USACE, 2021) so particular attention was paid to the 

downstream end, ensuring that the reach to be modelled finished in an area of smooth 

flow and not on a control feature such as a weir or boulder riffle. To carry out the survey, 

the RTK operator would begin at the highest point of the local flood plain, taking 

measurements with the RTK at every change of slope, water’s edge and change in bed 

geometry. A series of codes are assigned to each of these different parts of the survey so 

that post processing can be more efficient. A non-exhaustive list is included in Table 4.1.1 

below. 
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Table 4.1.1. Series of Codes Used in Trimble TSC7 For Post Processing.  

Code Code Meaning 

Fp Flood Plain

WSE Water Surface Elevation

Bar Bar

Bed Bed

Toe Toe of Bank

ToB Top of Bank

PoS Point on Slope



45 
 

  University of Dundee, June 2022 

4.2 Digital Terrain Model Development 

4.2.1 Post processing of Survey Data 

Once the survey was completed, the autonomous data from the Trimble R10 

GNSS base was downloaded in conjunction with the measured topographic data from the 

Trimble R12i GNSS rover. These data were inserted into Trimble Business Centre 

software to process the measured topographic data, which was relative to the base, 

bringing these data in to line with OS Datum Newlyn. The processing adjusts the relative 

positions to correct them spatially within the designated coordinate system (OSGB 1936). 

The software was run several times, until the errors were within the defined threshold 

(within 30 mm vertically and 60 mm horizontally). A derivation report can be found in 

Appendix A. The derivation report simply outlines the derived georeferenced elevation 

data from the mathematic derivation of each measurements position in the Trimble 

Business Centre software.   

4.2.2 Building the Digital Terrain Model  

The corrected elevation data was uploaded into Autodesk Civil 3D CAD software 

for creation of a DEM for each of the three survey sites. Surface creation is an involved 

multi-step process which has been summarized in this chapter. The points were uploaded 

in PENZD format meaning, point number, easting, northing, elevation, and description. 

Point descriptions are important because they inform the creation of polylines, which are 

considered definitions of the surface. Triangulation of the surface cannot cross polylines, 

so these are used to define the banks of the river which enriches the accuracy of the 

surface to represent the actual topography of the surveyed area. Break lines are created 

by joining the dots whereby a polyline is drawn between certain points (Figure 4.2.1). 

Triangulation between polylines creates the 3D DTM as highlighted in Figure 4.2.1. 
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Figure 4.2.1 Representation of Surface Triangulation.  
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Once a surface has its polyline definitions and has been triangulated, it can be 

checked through implementation of 0.1 and 0.5 m contour lines (Figure 4.2.2). The 

contour lines make visual checking of the surface easier as the banks and bed are clearly 

shown, meaning that if anything does not look like it makes sense, then it is easily 

noticeable and can therefore be investigated.  

 

After the surface has been created and checked, a series of sample lines must be 

created to represent a series of cross sections. To do this, a channel alignment, or long 

profile, is drawn along the reach and loaded into the sample line function in Civil 3D 

along with a pre-defined spacing. In this research, 10 m intervals were chosen as these 

are regular and seemed to fit the reach for computation of flows later in the modelling 

process. Cross section spacing is a central parameter to the reliability of a 1D flood 

computation. A study which compared four flood models to test the impact of cross 

section spacing found that there was little difference in mean absolute error between the 

four models, however there was a lot of variability in the computed spatial extent of flood 

water. The variability is caused by the wider spatial distribution of cross sections leading 

to an absence of required topographic data and therefore geometric influences on the 

hydraulic processes within the river (Ali, et al., 2017). However, an unduly detailed 

topographic DTM of the water course can lead to model instabilities and may even reduce 

Figure 4.2.2. Upper Feshie Digital Terrain Model.  
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the model accuracy due to rounding errors, this is shown in Samuels (1990) whereby once 

an optimal cross section spacing has been achieved to fit the physical flood wave and 

represents the bed geometry, additional cross sections increase error potential. Therefore, 

cross section resolution must strike a fine balance in detail, appropriate to the task, for 

example in flood forecasting, a coarse topographic DTM is considered appropriate, 

however for high resolution flood inundation mapping, a finer resolution is required 

(Castellarin, et al., 2009). The sample lines were exported from Autodesk Civil 3D as a 

GeoTIFF. In Figure 4.2.2, the gradient of the channel alignment details is noted for 

modelling later. 

4.3 HEC-RAS Hydraulic Modelling for Rating Extrapolation 

4.3.1 Building the Hydraulic Model 

To perform the flow computation, HEC-RAS 5.0.7 was utilised as it is freely 

available and is cited widely as a reliable software (Patel, et al., 2017) in flood risk 

literature. To perform the flow computation, HEC-RAS was opened, and a new project 

was created (Figure 4.3.1). In the project, the reach to be modelled was named 

appropriately. Once the project had been named, the river geometry was uploaded into 

the software section for river geometry.   

The section for geometry opens as a blank panel, then the user must then import 

the surveyed geometry as shown in the workflow in Figure 4.3.2.  Once the cross-section 

drawing is uploaded, it will show the thalweg alignment (long profile), and cross section 

sample lines (Figure 4.3.2). After this, the Manning’s n friction values can be inserted 

into the software. The values selected for this research were 0.05 for the banks and 0.033 

and were informed by consultation with work by Chow (1959) where a series of values 

and associated channel descriptions are provided. The frictions were chosen based on 

rocky, upland channels with little in-channel vegetation.  

The second step of developing the flow computation is to input the initial 

conditions (Figure 4.3.3), as well as several flows (represented as PF for Profile Flow in 

the software) in addition to reach boundary conditions. The boundary condition can be 

input in several ways in HEC-RAS, for example, a hydrograph, normal water depth and 
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gradient. In this instance, the gradient was chosen. The several flows which are input 

populate the theoretical rating curve which this software has been selected to produce.  

 

 

 

 

 

Figure 4.3.1. HEC-RAS Main Screen.  

Figure 4.3.2. HEC-RAS Geometry Tab.   
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Figure 4.3.4. A Theoretical Rating Curve (Left) and An Example Flood Profile (Right).  

 

 

 

 

 

 

Figure 4.3.3. HEC-RAS Steady Flow Data Tab.  
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4.3.2 Fitting Modelled Outputs to Empirical Data  

The theoretical stages computed by HEC-RAS are relative to the software datum 

and are expressed in metres. However, stage measurements taken at the time of ADV 

gaugings are taken from a permanent bolt placed above the water level and are expressed 

initially as a negative value.  

To bring the theoretical rating curve into line with observed gaugings, an offset 

was applied. It is assumed that there is a 1:1 ratio between a change in stage in observed 

field measurements and a change in stage in the HEC-RAS model. To achieve the offset 

value, the observed stage can be subtracted from the HEC-RAS stage on the day of the 

gauging. The offset constant can be applied to the manual gaugings by adding the offset 

to the observed local stages. Figure 4.3.5 illustrates the difference between the   two 

datums. 

 

 

 

 

 

 

 

 

 

 

 

Once a dataset regarding the Q-h relationship has been achieved it is then possible 

to derive a rating equation, using the equation Q = a(h+b)c where Q = discharge, a = the 

multiplier, h = stage, b = the datum correction (stage at zero flow), and c = the shape 

parameter (CEH, 2022). A set of values for a, b and c are input into the equation and are 

initially informed by Hydata manual produced by the Centre of Ecology and Hydrology 

(Ramsbottom and Whitlow, 2003) and the equation is solved using the series of combined 

Figure 4.3.5. Offset Application Between Datums   
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stage values from manual readings and HEC-RAS. Once a series of Q-h flows are 

achieved, the error between the flows computed by HEC-RAS and those calculated using 

the baseline equation is calculated and then the error squared is calculated. Once these 

have been calculated, the next step of the rating derivation process is to calculate the 

initial Root Mean Square Error (RMSE) of the Q-h data. The solver function under ‘Data’ 

in Microsoft Excel was used for this (Figure 4.3.6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Within the solver, the objective cell is selected, this cell should contain the current 

RMSE value, and the objective is set to minimum before the variable cells containing the 

a, b and c values are selected. It is important to set constraints to the solver so that Excel 

does not calculate values which are not accurate. The constraints are informed by the 

Hydata user manual (IoH, 1987) Once the Solver has run, the RMSE value should become 

smaller, and closer to 0. An RMSE of 0 would imply a perfect rating, and is not likely to 

be achieved, however the reduced RMSE value and the variable values of a, b and c have 

been set to best fit the data. The rating parameters are therefore solved. A quality check 

Figure 4.3.6. The Solver Window in Microsoft Excel 
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of the rating can be achieved by graphing a broad range of flows and stages using the 

derived rating equation and identifying any discontinuity in the curve. 

4.4 Quality Review Process 

4.4.1 First tier: Visual Analysis 

The first step of checking the derived rating equation is to visually check the data 

used for the rating derivation. The Q-h data should form a smooth, convex curve which 

does not have any significant discontinuity in slope.  

Divergence of the Q-h relationship from the Solver and HEC-RAS can highlight 

the requirement for a multi-part equation over a single rating. A multipart equation, which 

is fitted to individual portions of the data, is supposed to represent different limbs of the 

hydrometric rating curve, where each limb is separated by curve breakage or 

discontinuity. A multi-part equation can better represent the Q-h relationship across the 

entire range of flows in both simple and complex channels (Holmes, 2018).  

4.4.2 Second Tier: Rating Application and Water Balance 

Another quality check is to sense check the rating equation in terms of assessing 

catchment water balance. To do this, the rating equation must be applied to continuous 

time series stage data so that a series of derived flows at the gauging station can be 

calculated (Peck, 1983). The derived flow can then be used to calculate mean annual 

runoff which can be checked against precipitation input into the catchment to judge if the 

rating equation is sensible. It is assumed that the extensive rain gauge network in the area 

is representative of the area and are accurately capturing the precipitation. An 18 Tipping 

Bucket Rain gauge (TBR) study by Stransky, et al., (2007) showed that there can be 

underestimation of rainfall by up to 30% if the TBR is not calibrated, so there is room for 

uncertainty if the rain gauge network is not maintained.  

4.3.3 Third Tier: The Q = VA Method for Rating Extrapolation and Result validation 

Review of the modelling results using mean annual runoff described in Chapter 6 

showed that the mean annual runoff for the reach Lower Eidart was substantially 

overestimated by the results of the HEC-RAS modelling. Therefore, another verification 

method was deemed necessary.  

The verification method which was selected for this was the Q = VA, or velocity 

multiplied by cross sectional area method. To carry out this method, the cross section at 
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the gauging station was used along with the lowest possible water surface to calculate the 

wetted area at the water surface. Microsoft Excel was then used to calculate the wetted 

area in millimetric increases in stage at the cross section of the gauging station. In addition 

to this, a series of empirical gaugings were used to calibrate the spreadsheet by using the 

manually recorded stage and discharge information to achieve a velocity at a given stage. 

Figure 4.4.1 displays a screenshot of the Q = VA spreadsheet. A series of Q-h values are 

generated in the spreadsheet and can therefore be used in the same way as the HEC-RAS 

Q-h data, in the Excel solver. The details of this method are outlined in section 4.3.2 of 

this chapter. A rating derivation can be achieved, and if required, a multipart equation can 

be used also, to fit the Q-h equation to the data.  

Once a series of rating equations have been achieved using the Q = VA method, 

they were applied to the continuous time series stage data in the same way that the HEC-

RAS ratings were, as described in this chapter. Then, a series of flows can be used to 

calculate mean annual runoff and verify the results of the HEC-RAS or identify 

divergence in the results.  
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Figure 4.4.1. Velocity x Cross Sectional Area Matrix Spreadsheet.  
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4.5 Hydrological Analysis 

The ratings were applied to the data so that the third objective of this study could 

be achieved, to carry out analysis of lag time to peak discharge and hydrograph form in 

these catchments.  

4.5.1 Application of Newly Derived Ratings to Time Series Data 

The new rating equations which have been derived from a combination of the 

HEC-RAS hydraulic modelling and the Q = VA method were applied to continuous time 

series river stage data which were provided by Dr Andrew Black to aid this research.  

Flow break points which separate the different limbs of the rating were converted 

to stage break points by rearranging the stage-discharge rating equation. The rearranged 

equation took the form of:  

 

Q = a*((h+b)^c) 

Q/a = (h+b)^c 

(Q/a)^(1/c) = h+b 

((Q/a)^(1/c))-b = h 

The stage break points were then used in a nested IF Statement to act as divisions 

between the data which each rating applied to. An example of the IF Statement used is: 

 

=IFERROR(IF(E158646<=N$158651,N$158648*((E158646+N$158649)^N$158650), 

,Q$158648*((E158646+Q$158649)^Q$158650)),"0"). 
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Within the above IF Statement, the break points are highlighted in bold text, the 

Excel command states that if the value in the respective cell (italics) is less than/greater 

than the break point (bold) then apply the following rating equation, for example: 

IF(E158646<=N$158651,N$158648*((E158646+N$158649)^N$158650) 

The IF Statement is then stating that the rest of the stage data should conform to 

the final part of the rating. To visually clarify the two parts of the rating being used, two 

different colours have been used. Finally, the commands which have a yellow highlight 

are IFERROR commands, meaning that if there is any issue with the data which this 

nested IF Statement is being applied to, then Excel should insert a 0 value, so that the 

remainder of the data is unaffected in terms of calculation of an average flow and to aid 

fluency of applying formulae to the whole dataset where an ‘#ERROR’ message would 

disrupt the workflow. The IF Statement was then applied to the continuous series for the 

reaches Lower Eidart and Upper Feshie. Application of a series of new ratings to Upper 

Feshie Confluence would be useful in the validation of these ratings, however lack of 

available data for Upper Feshie Confluence prevented its inclusion in this study.  

4.5.2 Event Selection and Precipitation Data 

To meet the aims of this research, it is crucial that flood events chosen to compare 

the response of the catchments are representative of the response of each respective 

catchment. Due to this, precipitation data was used to inform flood events which occurred 

due to uniform precipitation occurring across the entire study area, encompassing both 

sub-catchments. To do this, monthly flows for both catchments were plotted on a graph 

with precipitation data. Events which signaled a response in one catchment but not the 

other such as snowmelt or localised convective rainfall events were omitted. Convective 

rainfall generally occurs for a shorter duration with more intense rainfall than frontal 

rainfall (Thurai, et al., 2016). Frontal rainfall occurs over a longer duration with steady 

rain which is generally not localised (Met Office, 2022) frontal rainfall was regarded as 

an ideal form of precipitation input for comparing the catchments in this study.  

Figure 4.5.1 represents an example graph with monthly river flows and 

precipitation.  Flood events were selected by identifying the events which occurred in 

both catchments simultaneously as it appeared likely that these events would have 

occurred from precipitation which occurred in both catchments.      
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Instruments at gauging stations are generally reliable, however if the instrument 

becomes exposed to air during low flows or is poorly placed and damaged during high 

flows, they can be a source of uncertainty as it is not easy to get to their remote location 

to check them often. Additionally, the climate has an impact on these instruments due to 

the extreme cold in the remote uplands of Scotland. The cold leads to the depletion of 

batteries and therefore potential gaps in the time-series data as well as freezing the 

instruments themselves. However, the data is rigorously checked, and periods of 

uncertain data are omitted from further analysis. 
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 Date and Time.  Date and Time. 

Figure 4.5.1. Flood Event Graphed with Precipitation for August 2017. 

Date and Time. 
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4.5.3 Event Analysis  

The chosen events were graphed for visual analysis with precipitation data as seen 

in Figure 4.5.2, as in Lombard and Holtschlag (2018). The peak discharge and timing 

were extracted and form a summary table as seen in Chapter 5, in Table 5.4.1 and Table 

5.5.1. In addition to these values, the date and time of the peak of the precipitation was 

also noted from the singular rain gauge which covers both catchments. The peak of the 

rainfall was used for the lag time analysis as Black, et al., (2021) mentions that it is one 

of many variations used when estimating time balance between rainfall and discharge.  

 

 

 

 

 

 

 

 

 

 

 

Once a table of values had been achieved in terms of lag time to peak discharge, 

a statistical test was undertaken to calculate the significance of the difference in lag time 

to peak discharge in each catchment. The choice of statistical test is an important 

consideration and to decide which test would be required, a Shapiro-Wilk Normality Test 

(Shapiro and Wilk 1965). was first utilised to test if the lag time data for each catchment 

was normally distributed.  

 

 

 

Figure 4.5.2 An Example Catchment Comparison Event.  
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The data were not normally distributed as shown in Table 5.5.2 (Chapter 5, section 

5.5) so the Mann-Whitney Wilcoxon Test of Difference was chosen similarly to Black, 

et al., (2022). R-Studio software was chosen to carry out the statistical test as it is freely 

available and easy to use. The exact code used to carry out this test can be found in the 

appendices (Appendix B). 

In addition to lag time analysis, hydrograph form from each event has been used 

to calculate a characteristic hydrograph. The requirement for a characteristic hydrograph 

shape of a given catchment is the basis of Archer, et al., (2000). A characteristic 

hydrograph may be used in the exploration of the hydrological response of the two 

contrasting catchments in this study.  

This method includes the generalisation of the shape of flood hydrographs which 

have been observed in time series data at gauging stations. The method may be split into 

three steps which can all be conducted using Microsoft Excel. 

The first step is to derive the duration of exceedance of specific percentages of the 

event peak discharge. An example of percentages include: 10%, 20%, 30%, 40%, 50%, 

60%, 70%, 80%, 85%, 90%, 95%, where the peak discharge is 100% of the flow of the 

event. The duration of exceedance can be synthesised before and after the peak by 

normalising the time of each event peak discharge to 0, this should create a more realistic, 

asymmetric hydrograph profile. The second step is to calculate the median value at each 

percentile of the peak flow after each event has been lined up and the peaks normalised 

to 0 hours. The median has been selected due to its insensitivity to outlier events, for 

example, an event with a particularly long duration may unduly influence the mean value 

for each percentile. The third step is to test the sensitivity of the analysis, this 

methodology can be applied to various subsets, for example, by ranking the events by 

peak discharge, input precipitation or seasonality. An example of what the graph should 

look like may be found in Figure 4.5.4 below.  

In the median hydrograph synthesis in this research, events had already been 

selected to use clean hydrographs with one peak, or with minor secondary peaks which 

are not likely to largely skew the median values. The 14 events from which the 

hydrographs were synthesised were also chosen to omit snowmelt events so that reliable 

comparisons between the 2 catchments being assessed within this research could be made. 

The events chosen for this analysis are restricted considerably by the continuity of the 

time series data collected, as these are upland catchments, instrumentation is less likely 
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to perform to the ideal standard, and with all statistics, a greater sample would increase 

confidence within the analysis.  

 

Chapter 5: Results 

 The results of this research are presented in the following chapter. Upper 

Feshie Confluence was descoped from the rating extension and validation process due to 

both time constraints and the constraint that the gauging station data for the study period 

was not continuous due to instrumentation failure. Therefore, no results for Upper Feshie 

Confluence will be presented except for the topographic survey and the creation of a 

median hydrograph on the basis of combining the flows from Upper Feshie and Lower 

Eidart.  

 5.1 Results of the Topographic Survey  

The processed outputs from the topographic survey can be observed in Figures 

5.1.0, 5.1.1, 5.1.2. and 5.1.3. The results are presented in the form of 2D elevation banding 

for the purpose of visualisation. The overall range of elevations surveyed were 508-517 

Figure 4.5.4. An Example of a Generalised Median Hydrograph. Source: Archer, et al., (2000). 
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m AOD and are represented in graduations of 0.5 m. Figures 5.1.1 and 5.1.2 display a 

significant thalweg feature whereas in Figure 5.1.3, the thalweg is less defined until the 

run-out pool. 

Figures 5.1.4, 5.1.5 and 5.1.6 represents the gradient and horizontal distance of 

the three reaches which have been surveyed and modelled. Figure 5.1.4 represents Upper 

Feshie with a riverbed gradient of -0.016 and a horizontal distance of 262.124 m. Figure 

5.1.5 highlights that Lower Eidart has a gradient of -0.016 and a horizontal distance of 

124.755 m. Finally, Upper Feshie Confluence is 247.554 m long with a gradient of -0.017 

(Figure 5.1.6). These features are extremely important input parameters for hydraulic 

modelling as reach length can have a significant impact on the stability of a model, and 

gradient can be used in 1D HEC-RAS modelling as the normal depth boundary condition.  

Figures 5.1.7, 5.1.8, and 5.1.9 are representations of the surveyed topography at 

each reach gauging station. The cross-sectional geometry is a particular important output 

from the topographic survey as it can be used for various analysis, including independent 

verification of the modelling process. Figure 5.1.7 shows that Upper Feshies thalweg 

occurs at 10 m across the section at an elevation of 544.2 m AOD. Figure 5.1.8 shows 

that Lower Eidarts thalweg occurs at 522.3 m AOD, and at 23 m across the cross section. 

Finally Figure 5.1.9 shows that Upper Feshie Confluence has a thalweg at 507.3 m AOD, 

which occurs at 29 m across the cross section.  
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Figure 5.1.0 The Digital Terrain Models of the Three Surveyed Reaches. Scale Enhanced in Figure 5.1.1 

Upper Feshie  

Lower Eidart  
Upper Feshie 

Confluence  
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Figure 5.1.1 The Digital Terrain Model of Upper Feshie.  
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Figure 5.1.2 The Digital Terrain Model of Lower Eidart. Scale Enhanced in Figure 5.1.1 
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Figure 5.1.3 The Digital Terrain Model of Upper Feshie Confluence. Scale Enhanced in Figure 5.1.1 
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Figure 5.1.4 The Geometry Summary of Upper Feshie.  

 

 

Figure 5.1.5 The Geometry Summary of Lower Eidart.  

 

 

Figure 5.1.6 The Geometry Summary of Upper Feshie Confluence.  
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Figure 5.1.7 The Cross-Sectional Geometry at the Gauge- Upper Feshie.  

Figure 5.1.8 The Cross-Sectional Geometry at the Gauge- Lower Eidart.  
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Figure 5.1.9 The Cross-Sectional Geometry at the Gauge- Upper Feshie Confluence.  
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5.2 Results of the Hydraulic Modelling.  

Summary output tables from the HEC-RAS modelling can be observed in Figures 

5.2.1 and 5.2.3. These include a summary of computed outputs from the input ‘PF’ or 

profile flows. For the purpose of this research, the hydraulic depth for the input flow was 

required. A summary table is generated for each input flow and at each cross section. At 

PF1 (0.38 Q m3/s) at Upper Feshie (Figure 5.2.1), a hydraulic depth was calculated at 

0.45 m. At Lower Eidart (Figure 5.2.3), for an input flow of 0.47 m3/s a hydraulic depth 

of 0.70 m was calculated. These three input flows were chosen as they were the flows 

recorded on the day of the survey so that a comparison of observed stage and HEC-RAS 

stage could be made.  

Figures 5.2.2 and 5.2.4 show the graphical expression of the stage-discharge rating 

equations generated by the hydraulic depth values that are exemplified in Figures 5.2.1, 

5.2.3 and which were chosen to cover a range of flows from dryweather flows to extreme 

floods corresponding to at least 3 m3/s per km2 (expected to be close to probable 

maximum flood based on Acreman (1989)). These rating curves were the expression of 

the rating equations which were derived from the HEC-RAS, which can be seen in Table 

5.2.1. Due to the creation of several hundred of these output tables, the output summary 

tables from the gauging stations have been presented in this chapter. The output values 

from all the output tables were collated and are summarised in Table 5.2.2. It is from 

Table 5.2.2 that the rating curves in Figures 5.2.2 and 5.2.4 are calibrated.  

Table 5.2.2 contains the stage-discharge data which inform the equations noted in 

this chapter. In addition to the HEC-RAS stages, there are several empirical flow gaugings 

which pre-date this research. These data have been provided and were included in the 

equations.  

 

Reach Equation Corresponding Figure  

Upper Feshie Q = 33.4(h-1.1)1.5 5.2.2 

Lower Eidart Q = 18(h-0.83)4 5.2.4 

 

 

 

Table 5.2.1. Rating Equation Results from HEC-RAS 
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Figure 5.2.1 An Example Cross Section Output Table for the Gauging Station for the Reach Upper 

Feshie.  

Figure 5.2.2 The Stage Discharge Relationship at Upper Feshie from HEC-RAS.  

Q (m3/s) 
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Figure 5.2.3 An Example Cross Section Output Table for the Gauging Station for the Reach 

Lower Eidart.  

Figure 5.2.4 The Stage Discharge Relationship at Lower Eidart from HEC-RAS.  

Q (m3/s) 
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Flow (m3s) Stage (m) Flow (m3s) Stage (m)

1.20 1.31 0.532 1.249

0.52 1.20 0.174355 1.176

0.93 1.30 0.256134 1.201

0.59 1.23 0.410749 1.246

0.61 1.23 0.274739 1.194

1.07 1.30 0.131731 1.149

0.97 1.30

0.49 1.21 0.37 1.22

0.16 1.12 2.00 1.41

4.00 1.56

0.47 1.21 6.00 1.57

2.00 1.41 8.00 1.62

4.00 1.51 10.00 1.65

8.00 1.65 12.00 1.66

10.00 1.71 12.50 1.69

12.00 1.73 13.00 1.72

14.00 1.75 13.50 1.74

16.00 1.77 14.00 1.75

18.00 1.79 14.50 1.76

20.00 1.80 15.00 1.77

25.00 1.84 15.50 1.78

30.00 1.86 16.00 1.79

35.00 1.87 18.00 1.83

40.00 1.90 20.00 1.88

45.00 2.00 25.00 2.00

50.00 2.10 30.00 2.10

55.00 2.16 35.00 2.15

60.00 2.22 36.00 2.16

65.00 2.29 37.00 2.16

70.00 2.36 38.00 2.16

75.00 2.42 39.00 2.16

80.00 2.48 40.00 2.16

85.00 2.54 41.00 2.17

90.00 2.59 42.00 2.17

95.00 2.64 43.00 2.18

100.00 2.69 44.00 2.19

150.00 3.19 45.00 2.20

200.00 3.50 50.00 2.30

55.00 2.40

60.00 2.50

65.00 2.59

70.00 2.69

75.00 2.78

80.00 2.88

85.00 2.96

90.00 3.05

95.00 3.13

100.00 3.21

150.00 3.84

200.00 4.33

Upper Feshie Lower Eidart

HEC-RAS

Gaugings

HEC-RAS

Table 5.2.2 Summarised Hydraulic Depth Outputs for Input Flows from HEC-RAS with Observed 

Gaugings and Stage Measurements. 

Q (m3/s) Q (m3/s) 
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5.3 Quality Review Results  

A three-part quality review process was used to verify the results of the HEC-RAS 

modelling. The first and second tier of quality review process were visual analysis and 

then application of the derived ratings to assess water balance. A description of what was 

deemed visually acceptable is noted in Chapter 4. If the visual analysis presented issues 

with the rating equations, a multi-part rating was used as detailed in Chapter 4. 

The second part consisted of applying the derived rating equation to the time series 

data to initially sense check the results. Once the rating had been applied, observation of 

the data was carried out to look for issues, for example flows which seem 

disproportionately high or low and unrealistic water balance. Table 5.3.1 outlines the 

results of applying these equations to gauge if the peak flow and mean annual runoff 

appear to be reasonable results in the context of these catchments. The results outlined in 

Table 5.3.1 show that the results of the initially derived rating equation are an unrealistic 

715 m3/s and a mean annual runoff of 1600 mm for the Lower Eidart catchment. 

Additionally, the Upper Feshie catchment produced a peak flow of 20.2 m3/s and 1268 

mm of mean annual runoff. These results are representative of the time series data they 

were applied to (01/08/2017-22/06/2018) which had approximately 1400 mm of rainfall 

observed in the rainfall. Additionally, Soulsby, et al., (2006) presents that Lower Eidart 

receives 1653 mm of annual precipitation depth with Upper Feshie receiving 1423 mm. 

It is possible that the rain gauges from which these precipitation data were observed could 

over or underestimate precipitation observations based on calibration, refer to Section 

4.4.2.  

 

 

 

 

 

 

 

 

Table 5.3.1 Results of the 2nd Tier Quality Review Process and Precipitation Data.  

River Peak Discharge (m3/s) Mean Annual Runoff (mm)

Lower Eidart 715 1600

Upper Feshie 20.2 1268

Lower Eidart 11.8 1183

Upper Feshie 20.2 1268

Time Series Lower Eidart Upper Feshie 

~1400 1654 1423

Average Precipitation Depth (mm (Soulsby, et al., 2006))

Q= V A

HRC-RASHEC-RAS 
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The third tier of the quality review process was the use of the velocity multiplied 

by the cross-sectional area (Q = VA) method. The Q = VA method is explained in Chapter 

4 and can be extremely useful for the verification of the modelling as the Q = VA is 

considered a standalone methodology for rating curve creation (Ramsbottom and 

Whitlow, 2003). Figures 5.3.1, 5.3.2 and 5.3.3 are the results for the sequence of steps in 

the Q=VA method. Figure 5.3.4 is a rating equation generated by HEC-RAS but was 

included in this section for ease of visualisation between the ratings.  

Figure 5.3.1 highlights the relationship between average velocity and stage which 

is the first step which is the first step in the Q=VA method. Figure 5.3.1 highlights which 

average velocity occurs at which stage. The second step is presented in Figure 5.3.2 where 

the relationship between stage and cross-sectional area. The concave curve shown in 

Figure 5.3.2 is a result of a non-linear relationship between an increase of wetted cross-

Figure 5.3.1 The Relationship Between Stage and Vbar for Lower Eidart and Upper Feshie.   
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sectional area as river stage increases. The significance of this relationship increases as 

river stage increases due to wetted area width. An example of this is detailed in Figure 

5.3.2 where the river stage is a critical influence on the significance of the increase in 

wetted area as stage increases. In Figure 5.3.2, a stage increases of one meter from a river 

level of one-meter leads to an increase in wetted area of 12 m2 whereas a stage increase 

of one meter from a prior river level of two metres leads to a change in wetted area of 15 

m2. Finally, if the researcher can establish the mean velocity (Vbar) at a given stage from 

Figure 5.3.1 and the wetted cross-sectional area at the same given stage (Figure 5.3.2) 

then they can apply the formula Q=VA to get a flow in m3/s which is the stage-flow 

relationship, as presented in Figure 5.3.3.  
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Figure 5.3.2 The Relationship Between Stage and Area for Lower Eidart and Upper Feshie.   

Stage vs Cross Sectional Area Relationship – Upper Feshie   
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Figure 5.3.4 The HEC-RAS Final Rating Curve for Upper Feshie  

Upper Feshie Final Rating Using HEC-RAS 

Figure 5.3.3 The Q = VA Final Rating Curve for Lower Eidart  
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Table 5.3.1 describes the results obtained using the Q = VA method, highlighting that the 

results for Lower Eidart were 11.8 m3/s and 1183 mm of annual runoff depth.  

The results generated by the Q = VA method were extremely different from HEC-RAS 

for Lower Eidart with a peak flow of 703.2 m3/s less than the HEC-RAS estimation 715 

m3/s being observed in the time series and 417 mm less mean annual runoff being 

calculated for a period of record with approximately 1400 mm of rainfall. In addition, 

Soulsby, et al., (2006) presents that mean precipitation in the Eidart catchment is 1654 

mm and is 1423 mm for the Upper Feshie catchment so a mean annual runoff of 1600 is 

not permissible as other factors such as evaporation and storage come into play.  

  

Figure 5.3.3 demonstrates the final rating curve for Lower Eidart which is made 

up of a two-part rating equation where the limb parameters and breakpoints are described 

in Table 5.3.2. Additionally, Table 5.3.3 describes the final rating for Upper Feshie. The 

final rating for Upper Feshie can be observed in Figure 5.3.4 and was generated by HEC-

RAS modelling and the solver, fitting the curve to the data. The letters in Tables 5.3.2 

and 5.3.3 correspond to the parameters of the rating equation, which takes the form of Q 

= a(h+b)c. The numbers that appear alongside each parameter correspond to a particular 

limb of the rating equation, in the case of Lower Eidart, limbs one and two. Break point, 

or BP, relates to the point where one part of the rating equation changes to another, for 

example from Q = a1(h+b1)c1 to Q = a2(h+b2)c2. These break points are recorded in terms 

of flow.  

 

 

 

 

 

 

 

 

 

Table 5.3.2 Results of the Quality Review Process on Lower Eidarts Rating.   

Rating Parameters a1 12.66 a2 2.64 Bp1 (m3/s)

Lower Eidart b1 -0.45 b2 -0.16 1.05

c1 3.7 c2 3

Table 5.3.3 Results of the Quality Review Process on Upper Feshies Rating.   

Rating Parameters a1 23.39 a2 15.2 a3 2.79 Bp1 (m3/s) Bp2 (m3/s)

Upper Feshie b1 -0.45 b2 -0.78 b3 0.65 14 40

c1 3.7 c2 2.8 c3 2.66
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5.4 Results of Applying the Final Rating to Events  

Application of the final rating curves to the time series data is a key part of 

identifying events for direct comparison between catchments. The resultant events can be 

observed in the text, in Figures 5.4.1 which contains all 14 flood event comparisons.  
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Precipitation  

Figure 5.4.1. Comparison Between Upper Feshie and Lower Eidart for 14 Events.  
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Figure 5.4.1 Cont’d. Comparison Between Upper Feshie and Lower Eidart for 14 Events.  
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Figure 5.4.1 Cont’d. Comparison Between Upper Feshie and Lower Eidart for 14 Events.  
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The results of all 14 rainfall events can be seen below in Table 5.4.1 below.  

 

 

 

 

 

 

 

Figure 5.4.1 Cont’d. Comparison Between Upper Feshie and Lower Eidart for 14 Events.  
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Figure 5.4.1 Cont’d. Comparison Between Upper Feshie and Lower Eidart for 14 Events.  
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Figure 5.4.1 Cont’d. Comparison Between Upper Feshie and Lower Eidart for 14 Events.  
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Figure 5.4.1 Cont’d. Comparison Between Upper Feshie and Lower Eidart for 14 Events.  
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Initially, there is variability in peak discharge and peak discharge timing between 

the catchments. The greatest peak discharge can be observed in Event 9 from Upper 

Feshie. The greatest difference in peak is 1.5 hours in Event 4, followed closely by 1.25 

hours in Event 1 and Event 14. The smallest difference in timing was 0.25 hours, which 

was the most common result in Events 2, 3, 5, 6, 7, 8, and 9. Event 13 shows a 0.5-hour 

difference between the catchments and finally Events 10 and 12 have a difference in 

timing at peak discharge of 1 hour.  

 

 

5.5 Results of Lag Time Analysis  

Using the time difference between the peak of the precipitation event and the 

corresponding peak discharge in each catchment, a lag time could be assigned to each 

catchment for each event. The results of deriving lag time per event for each catchment 

can be seen in Table 5.5.1. These results were used as the data for a Mann-Whitney 

Wilcoxon (MWW) test. The Mann-Whitney test is used to compare the difference of the 

average of the two lag time datasets which are not normally distributed. These results can 

be seen in Table 5.5.2.  

 

 

 

 

 

Table 5.4.1 Summary Table of all 14 Analysed Events.   

D Timing (hours) D Peak (m3/s)

Event ID Date and Time Peak Stage (m) Peak Discharge (m3/s) Date and Time Peak Stage (m) Peak Discharge (m3/s)

1 23/08/2017 09:45 1.43 5.42 23/08/2017 11:00 1.50 10.40 1.25 15.82

2 25/08/2017 19:00 1.36 4.50 25/08/2017 19:15 1.29 5.27 0.25 9.77

3 10/09/2017 17:00 0.84 3.49 10/09/2017 17:15 0.90 7.51 0.25 11.01

4 11/09/2017 11:30 0.84 10.81 11/09/2017 13:00 0.91 5.49 1.50 16.30

5 28/09/2017 05:00 0.88 5.07 28/09/2017 05:15 0.94 7.24 0.25 12.31

6 11/10/2017 10:30 1.09 2.13 11/10/2017 10:15 1.29 5.25 0.25 7.38

7 13/10/2017 09:00 1.15 2.58 13/10/2017 08:45 1.50 10.51 0.25 13.09

8 17/10/2017 02:00 1.82 11.84 17/10/2017 02:15 1.79 10.20 0.25 22.03

9 07/11/2017 06:45 1.33 4.46 07/11/2017 06:30 1.51 11.52 0.25 15.98

10 16/11/2017 06:45 1.21 3.27 16/11/2017 07:45 1.25 4.70 1.00 7.97

11 07/12/2017 02:45 1.74 7.82 07/12/2017 01:15 1.75 15.88 0.50 23.69

12 09/06/2018 13:15 1.39 5.69 09/06/2018 14:15 1.30 6.19 1.00 0.49

13 16/06/2018 17:00 1.07 1.98 16/06/2018 17:30 1.18 3.01 0.50 4.99

14 20/06/2018 08:00 1.03 1.68 20/06/2018 09:15 1.21 3.59 1.25 5.27

Mean 1.23 5.05 1.31 7.63

Mean D Stage (m) Mean D Peak Discharge (m3/s

0.08 2.57

Lower Eidart Upper Feshie 
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In addition to the results present in Table 5.5.2, the characteristics of the lag time 

in the catchments can be visualised in Figure 5.5.1 with comparative box and whisker 

plots. Figure 5.5.2 shows that Lower Eidart has a shorter median lag time (2.2 hours) with 

a smaller interquartile range (Q25 = 2.0, Q75 = 2.4 hours). In addition to Upper Feshie 

having the longer median lag time (2.4 hours) and greater interquartile range (Q25 = 2.3, 

Q75 = 3.4 hours), there is also a greater range of observed lag times within the tested 

sample (the 14 events). However, there are outliers in Lower Eidart which match the 

overall range in Upper Feshie, although these were omitted as outliers by the R-Studio 

software. Table 5.5.2 shows that Lower Eidart was not normally distributed with 

P=0.04353 whereas Upper Feshie was with a Shapiro-Wilk result of P=0.8846. 

Additionally, the result of the MMW test was P= 0.1171, showing that there is a 

statistically insignificant difference between the average lag time of Lower Eidart and 

Upper Feshie. 

  

 

 

 

Table 5.5.2 Results of the Mann-Whitney Wilcoxon Test.   

W- Value P- Value 

0.9706 0.04253 (LE) 0.8846 (UF)

W- Value P- Value 

132.5 0.1171

Results of the Mann-Whitney Wilcoxon Test

Shapiro-Wilk Normality Test

Mann-Whitney Wilcoxon Test

Table 5.5.1 Summary Table of Lag Times in Each Catchment.   

Event ID Precipitation Peak Date and Time LE Peak Discharge Date and Time UF Peak Discharge Date and Time D Timing LE (hours) D Timing UF (hours)

1 23/08/2017 07:30 23/08/2017 09:45 23/08/2017 11:00 2.2 3.50

2 25/08/2017 17:00 25/08/2017 19:00 25/08/2017 19:15 2.0 2.25

3 10/09/2017 15:15 10/09/2017 17:00 10/09/2017 17:15 1.8 2.00

4 11/09/2017 10:30 11/09/2017 11:30 11/09/2017 13:00 1.0 2.50

5 28/09/2017 03:00 28/09/2017 05:00 28/09/2017 05:15 2.0 2.25

6 11/10/2017 05:45 11/10/2017 10:30 11/10/2017 10:15 4.8 4.50

7 13/10/2017 06:00 13/10/2017 09:00 13/10/2017 08:45 3.0 2.75

8 17/10/2017 01:15 17/10/2017 02:00 17/10/2017 02:15 0.7 1.00

9 07/11/2017 04:00 07/11/2017 06:45 07/11/2017 06:30 2.8 2.50

10 16/11/2017 04:30 16/11/2017 06:45 16/11/2017 07:45 2.3 3.25

11 07/12/2017 00:30 07/12/2017 02:45 07/12/2017 01:15 2.2 0.75

12 09/06/2018 11:15 09/06/2018 13:15 09/06/2018 14:15 2.0 3.00

13 16/06/2018 14:45 16/06/2018 17:00 16/06/2018 17:30 2.2 2.75

14 20/06/2018 05:30 20/06/2018 08:00 20/06/2018 09:15 2.5 3.75
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Figure 5.5.1 Visualisation of the Catchment Lag Times.   
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5.6 Results of Hydrograph Form Analysis 

  The results of the created median hydrographs can be observed within this section. 

Figure 5.6.1 displays the median hydrograph for each catchment derived from all 14 flood 

events.  

 

 

 

 

 

 

 

 

 

 

 

 

Generally, the two hydrographs have a similar overall form with comparing Upper 

Feshie and Lower Eidart. For example, Upper Feshie displays a slightly wider profile 

than Upper Feshie. The rising limb of each hydrograph is extremely similar in gradient 

and shape and the falling limb of the Lower Eidart is steeper initially than the Upper 

Feshie due to well-draining subalpine soil and levels out more quickly due to peat-runoff 

contributions. A greater baseflow is observed in Lower Eidart than in Upper Feshie prior 

to the characteristic event portrayed which is contrary to the FEH (2022) catchment 

descriptors.  In addition to these characteristic hydrographs, several subsets based on peak 

flow magnitude and precipitation input were derived and can be seen in Figures 5.6.2, 

5.6.3, 5.6.4, 5.6.5, and 5.6.6.

Figure 5.6.1 Median Hydrograph for Lower Eidart and Upper Feshie.   
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Figure 5.6.3 Median Hydrograph for Upper Feshie Ranked By Peak Discharge    

Figure 5.6.2 Median Hydrograph for Lower Eidart Ranked By Peak Discharge    
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Figures 5.6.2 and 5.6.3 are ranked by the peak magnitude of the events to see how 

the events may differ in form as the magnitude of the flood event increases. Generally, 

the mid-range observed floods in Upper Feshie 2-10 m3/s share a similar rising limb shape 

and the falling limb clearly relates to the size of the event, as expected, as the greater 

flood events return baseflow more quickly than smaller ones, with a clear order being 

observed of largest, mid-range, and smallest floods returning to base flow in that 

respective order. The same trend for the return to baseflow can be observed in Lower 

Eidart, yet there appears to be some variability in the rising limb, with an absence of 

adequate data for some of the categories. The ranks of < 2, 5-10 and >10 m3/s share a 

similar rising limb gradient and form, yet 2-5 m3/s seems to have a less steep rising limb.  

 

 

 

 

 

Figure 5.6.4 Median Hydrograph for Lower Eidart and Upper Feshie for Frontal Rainfall Response    
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Figure 5.6.4 represents a characteristic catchment response of Lower Eidart and 

Upper Feshie to 13 frontal rainfall events. In addition to Figure 5.6.4, Figures 5.6.5 and 

5.6.6 show a comparison between the 13 frontal rainfall events and a single convective 

rainfall event.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6.5 Lower Eidart Frontal Rainfall Response Compared to Convective Rainfall   
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Figures 5.6.5 and 5.6.6 follow a similar trend whereby the convective rainfall 

event has a narrower hydrograph shape with a steeper angle at the base of the rising limb 

when compared to frontal rainfall. The falling limb of the convective events also return 

the hydrograph to baseflow faster than frontal events. The trend of Lower Eidart, with its 

greater antecedent flow, having a narrow hydrograph profile remains true throughout all 

the median hydrographs above.  

 

 

 

 

 

 

Figure 5.6.6 Upper Feshie Frontal Rainfall Response Compared to Convective Rainfall   



97 
 

  University of Dundee, June 2022 

Finally, the combined flows from each catchment for the 14 events used in this 

study has led to the creation of a median hydrograph for Upper Feshie Confluence, which 

can be observed in Figure 6.2.1. The use of combined flows rather than continuous time 

series is due to lack of availability of time series data due to instrumentation failure. 

Figure 6.2.1 shows that the antecedent flow between Upper Feshie and Lower Eidart, 

evening out the increased input baseflow from Lower Eidart is evened out with Upper 

Feshie, in line with expectations. The combined hydrograph is slightly wider as it has the 

combined flow, however the rising limb is almost identical to the Lower Eidart and Upper 

Feshie. There is no dual peak observed in the median hydrograph for the Upper Feshie 

Confluence. In addition to the median hydrograph for Upper Feshie Confluence, the 

combined flow for all 14 events were plotted in Figure 6.3.1. Multiple peaks can be 

observed for each event. 
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Chapter 6: Discussion 

This research set out to meet the three objectives introduced in Chapter 1. The aim 

which to generate knowledge of the hydrological response of two neighbouring 

catchments with differing physical characteristics in the Upper Feshie system. The aims 

and objectives will be addressed, and the findings will be discussed in the following 

chapter.  

6.1 Choice of Methods 

 The production of reliable rating curves which justifiably extend the current 

ratings that are based on flow gaugings, was the first objective of this research. The initial 

methodology included the synthesis of a 1D HEC-RAS simulation based on channel 

geometry and simulated flows to achieve a stage-discharge dataset to calibrate the rating 

extension. To do this, a high-resolution topographic survey was required as no adequate 

data of this kind exists in the study areas followed by fitting of the model results before 

validation in objective 2. 

The results of the topographic survey can be observed in Figures 5.1.0-5.1.9 which 

are derived Digital Terrain Models constructed from the survey. These results were 

successful in their intended purpose of providing the gradient for the HEC-RAS hydraulic 

model as gradient is the key downstream boundary condition in steady flow analysis. 

Visual analysis through contour display in Figures 5.1.4-5.1.6 was efficient for ensuring 

that the model input topography was representative of the reaches, increasing the 

confidence in the input parameter of topography. 

The results in Figures 5.1.0-5.1.3 are the colour banded results of the topographic 

survey; they provide general insights into the basal geometry of the channel, for example 

highlighting the location of the thalweg and changes in gradient due to control features. 

Figures 5.1.1 and Figures 5.1.3 show channel geometry with control features clearly, 

Figure 5.1.2 however, shows a deep Thalweg feature with no breaks or changes in colour 

banding. The implications of this result are that the hydraulic controls were not 

represented in the DTM, meaning that there will be a low degree of confidence in the 

input topography which went into the model for Lower Eidart, which Figure 5.1.2 

corresponds to. It is believed that this may have adversely affected the HEC-RAS 

modelling for Lower Eidart.  
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Figures 5.1.7-5.1.9 are representations of the cross-sectional geometry at each of 

the three gauges and are the most important result from the topographic survey. The cross 

section at the gauge was surveyed as a failsafe protocol as this cross section can be used 

to estimate flow through the Q = VA method. These results have primarily assisted with 

objective one for their use in the extension of the rating for Lower Eidart, which will be 

discussed in more detail later in this chapter.  

Extension of the rating equation to increase confidence in the stage-discharge 

relationship at each gauge at higher flows was deemed to require a HEC-RAS 1D model 

as this seemed to be the optimal approach as it is described in Ramsbottom and Whitlow 

(2003) to be an approach with a long history of success and the software is freely 

available. The results of the hydraulic modelling can be observed in Figures 5.2.1-5.2.4 

and Table 5.2.1.  

The second objective of this research was to validate the rating equations created 

by the 1D HEC-RAS model independently. The validation process took place in 3 stages, 

visual analysis, level data application and finally by using the Q = VA method to compare 

the results. Table 5.3.1 presents a comparison between the HEC-RAS results after the 

refinement process and those of an integrated approach between the HEC-RAS results 

and the Q = VA results. Table 5.3.1 shows that upon application to the time series data, 

the peak discharge for Lower Eidart was 715 m3/s with a mean annual runoff of 1600 mm 

per year in a period of time series which experienced approximately 1400 mm of rainfall. 

These results are not acceptable especially when they are compared to Upper Feshie 

which is a bigger river, showing a peak discharge of 20.2 m3/s and a mean annual runoff 

of 1268 in the same period. The results for Upper Feshie are permissible which 

represented success of the results from the Upper Feshie HEC-RAS model. However, the 

results for Lower Eidart generated from HEC-RAS were evaluated to be unacceptable 

based on water balance. The Lower Eidart results are not acceptable as Lower Eidart is 

claimed to receive 1654 mm of runoff depth per year along with 1423 mm for Upper 

Feshie as presented in existing literature by Soulsby, et al., (2006).  

The Q = VA method was required to develop a rating equation for Lower Eidart 

considering the unsatisfactory results of the HEC-RAS model. The Q = VA method to 

extend the rating equation at Lower Eidart is an empirical method based on a three-step 

process, outlined in Figures 5.3.1, 5.3.2 and 5.3.3. The first step includes using the 

average velocity of observed empirical gaugings which there is confidence in. Once the 

relationship between stage and velocity has been established then the use of the 
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relationship between wetted area and stage can inform the formula of Q = VA. There is 

confidence in the surveyed topography of the reach for the cross-sectional area and there 

is confidence in the empirical gaugings, meaning that this method has a reliable starting 

point whereas the HEC-RAS modelling is based on the reliability of input parameters 

which is believed to be the cause of the poor results for Lower Eidart because the 

complexity of the reach was not fully represented in the input topography.  

The results of the Q = VA method to develop the Lower Eidart rating can be 

observed in Figure 5.3.3 which is a rating curve made up of two parts. The parameters for 

this equation are in Table 5.3.2 and is joined by the HEC-RAS rating parameters for 

Upper Feshie in Table 5.3.3. Table 5.3.1 described the peak discharge for the Q = VA 

method to be 11.8 m3/s and a mean annual runoff of 1183 mm which is considerably more 

realistic given the environment and time series being used which received 1400 mm of 

precipitation. The HEC-RAS 1D model is considered to have been partially successful 

with proper topographic input occurring at Upper Feshie, but not Lower Eidart and the 

three-stage quality review process has been useful in highlighting the error in the Lower 

Eidart rating which directly corresponds to objective two in terms of the validation of the 

results. Additionally, objective one has been met by the Q = VA component of the quality 

review process, and partially by the HEC-RAS modelling.  

Overall, two satisfactory rating equations have been generated though the 

combination of the HEC-RAS 1D modelling and the Q = VA method for rating 

extrapolation. The HEC-RAS was used successfully for the site Upper Feshie and was 

checkec against the Q=VA method. The HEC-RAS model for the Lower Eidart was 

unsatisfactory and so the Q=VA method was used solely for this rating. The combination 

of visual analysis, application of these to the time series data and in the cross validation 

between HEC-RAS and Q = VA has successfully facilitated the extension of the current 

ratings at the gauges for Lower Eidart and Upper Feshie.  

6.2 Hydrological Analysis  

The third objective was to carry out hydrological analysis using the newly derived 

and verified rating equations. In this research, 14 events were selected for lag time 

analysis, which was carried out in conjunction with the creation of a median hydrograph, 

as a means of filling the knowledge gap in the hydrological response of blanket peat 

headwater catchments such as Upper Feshie and especially in bare peat and mineral 

catchments such as the Lower Eidart.  
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The results of the 14 events can be seen in Table 5.4.1 and show that from the 

time series used, Lower Eidart has smaller peak discharges compared to Upper Feshie 

with a maximum and average peak discharge of 11.8 m3/s and 5.1 m3/s being observed, 

respectively. The maximum and average peak discharge for Upper Feshie was 20.2 m3/s 

and 7.63 m3/s, respectively. The difference in the average and peak discharge was 8.4 

m3/s and 2.57 m3/s respectively. The maximum stage observed for Lower Eidart was 1.82 

m and the average stage was 1.23 m. The Upper Feshie catchment showed a maximum 

stage of 1.79 m and an average stage of 1.31 m. There is a difference in the maximum 

and average stage of 0.03 m and 0.8 m respectively between the catchments. The average 

stage of Upper Feshie was higher than Lower Eidart potentially due to the cumulative 

effect of having a wider hydrograph profile (Figure 5.6.1) but in terms of the peak stage, 

there is little difference. Both Lower Eidart and Upper Feshie have a catchment size of 

approximately 30 km2 and are in close spatial proximity, difference in these metrics is 

likely due to physical catchment descriptors, especially soil. There is a dual peak in the 

median hydrograph displayed in the discharge ranked median hydrograph of the Upper 

Feshie catchment (Figure 5.6.3) and may be a result of tributary timing. Dual peak 

hydrographs are often attributed to a rapid overland response and a slower subsurface 

response (Martinez-Carreras, et al., 2001), however given the low storage characteristics 

of these catchments described in Chapter 2, this seems less significant than the timing of 

two large catchment tributaries. There is a small lochan on the tributary named Caochan 

Dubh Figure 4.1.3) which may act as a reservoir, attenuating some runoff which could 

contribute to the second peak of the hydrograph. However, the FARL (reservoir) 

catchment descriptor from FEH (2022) is 0.977 indicating an insignificant reservoir 

impact in the Upper Feshie catchment.  

The methodology used in this research, of estimating the lag time to peak 

discharge from subtracting the peak of the hyetograph from the peak of the hydrograph 

is consistently cited in further literature, such as Snyder (1938), Maidment (1993) and 

Grantano (2012) as well as Lambord and Hotschlag (2018). Due to this, the methodology 

used to estimate lag time has ensured a high degree of confidence in the lag time estimates 

which have been observed in this research (Table 5.5.1) and used as the sample for the 

statistical analysis of lag time. A total of 14 flood events were selected for analysis 

through the process described in section Chapter 4, section 4.5.2.  

Table 5.5.1 describes the results of the lag time analysis which is graphically 

presented in Figure 5.5.1 as a box and whisker plot. Figure 5.5.1 highlights that the Lower 
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Eidart has a median lag time of 2.2 hours and Upper Feshie has a lag time of 2.6 hours. 

The shorter lag time in the Lower Eidart is attributed to the soil characteristics of the 

catchment as more than 59% of the catchment is rapidly draining mineral soil with 27% 

blanket peat observed to be in a low friction, eroding state. Lower Eidart can be compared 

to Upper Feshie which is more than 65% blanket peat with a further 10% peaty podzol 

(Soulsby, et al., 2006). This shows that three quarters of the Upper Feshie catchment has 

more slowly draining soils than Lower Eidart, facilitating some reasoning for Lower 

Eidart reaching peak discharge first. Additionally, a greater incidence of blanket peat 

leads to a greater storage potential than mineral soil and a considerably greater surface 

friction (Shuttleworth, et al., 2019). 

Table 5.5.2 shows that the population of lag time values for Lower Eidart was not 

normally distributed upon use of a Shapiro-Wilk normality test (P=0.04253) whereas 

Upper Feshie was (P=0.8846). Therefore, the non-parametric (MWW) test of difference 

was deemed to be the required test for the lag time analysis. The result of the lag time 

analysis was P=0.1171 which means that the difference of the average lag time in each 

catchment was not significantly different.  

The difference in lag time between the catchments is 0.4 hours, or 23 minutes. 

Synchrony of tributary timing is accepted to be a key parameter in hydrograph 

convolution (Pattison, et al., 2014) in addition to catchment descriptors and event 

precipitation structure. Upper Feshie peaks 23 minutes after the Lower Eidart, which is 

downstream of the gauge on Upper Feshie so an assumption can be reasonably made that 

increased synergy between the 2 catchments could lead to an increased flood wave at the 

confluence if the ongoing regeneration of the Lower Eidart catchment (noted in Chapter 

1) leads to an attenuation of surface runoff. This may lead to an increase in the the lag 

time in the Lower Eidart, bringing the time of peak discharge of the catchments closer 

together. Natural Flood Management strategies have been shown to slow the flow (Black, 

et al., 2022), however an increase in overall peak discharge may not occur as the outcome 

of increased catchment synergy is difficult to predict (Pattison, et al., 2014). However, 

changes to the hydrograph profile at the confluence (Figure 6.2.1) is expected.  

 The median hydrograph for Upper Feshie Confluence (Figure 6.2.1) was created 

by combining the flows from Lower Eidart and Upper Feshie. 
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In addition to lag time analysis, part of the third objective of this research was to 

create a series of characteristic hydrographs which could be used to compare the 

catchment response of Lower Eidart and Upper Feshie. The objective has been met with 

the creation of Figures 5.6.1-5.6.6. The hydrological response of these catchments can be 

compared in their current state; however, it is also now possible to compare the runoff 

response of each catchment temporally as regeneration matures.  

Again, 14 events were selected to omit snow and snow melt events, as outlined in 

Chapter 4 so that only floods from uniform rainfall were included. Following the methods 

of Archer, et al., (2000) a median empirical hydrograph was obtained for each catchment, 

allowing a comparison on shape to be made. The results of the creation of a median 

hydrograph for Lower Eidart and Upper Feshie can be observed in Figure 5.6.1 which 

shows an extremely similar hydrograph shape between the catchments with a nearly 

identical rising limb and a slightly wider shape for upper Feshie which is attributed to the 

dominant soil characteristics of the catchment (>65% blanket peat). Lower Eidart has a 

greater incidence of rapidly draining thin mineral soil (>59% along with >27% peat in an 

Figure 6.2.1 The Median Hydrographs for the Study Catchments and Their Confluence   
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eroded state) which is thought to be why Lower Eidart displays a narrower hydrograph 

profile across all flows and in response to both frontal and convective rainfall (Figures 

5.6.5 and 5.6.6). The narrow shape of the hydrograph in the Lower Eidart is representative 

of a quick-flow response of blanket peat environments (Holden and Burt, 2002). Runoff 

contributions from saturation excess runoff are facilitated by the hydrophobic bare-peat 

surfaces in the Lower Eidart. Bare peat and peat hags have severely limited infiltration 

and storage potential so the steep-rise, flashy hydrographs which return to baseflow 

rapidly are likely due to this.  

Figure 5.6.1 also shows that Lower Eidart shows roughly 10% greater baseflow 

prior to the rising limb than Upper Feshie. The greater baseflow in Lower Eidart may also 

be a contributing factor to the lower peak discharge in Lower Eidart, because if there is a 

greater proportion of runoff leaving as baseflow there is less to augment flood peaks. 

There is a disagreement in the FEH (2022) catchment descriptors and existing literature 

(Soulsby, et al., 2006) in terms of base flow. FEH (2022) state that Lower Eidart has a 

lower baseflow than Upper Feshie. The time series used in this study is consistent with 

Soulsby, et al., (2006), showing greater baseflow contributions from Lower Eidart than 

Upper Feshie.  

To test the sensitivity of the hydrograph shape, a series of subsets were created 

and can be observed in Figures 5.6.2, 5.6.3, 5.6.4, 5.6.5, and 5.6.6. The Upper Feshie 

hydrographs show a consistent stepped peak across the range of flows, potentially due to 

tributary timing higher up the Upper Feshie system which Lower Eidart does not. These 

peak flow hydrographs do not exhibit a high degree of sensitivity across the range of 

flows whereby all the subset hydrographs are similar in shape and duration, supporting 

confidence in the main set observed in Figure 5.6.1.  

A subset of these hydrographs was created based on precipitation input. 14 flood 

events were ranked as frontal or convective based on precipitation intensity. Convective 

rainfall has a higher intensity with greater rain drop diameter than frontal rainfall (Thurai, 

et al., 2016) leading to a greater runoff depth over a short period of time. Figures 5.6.5 

and 5.6.6 demonstrate that convective rainfall leads to an almost vertical rise in flows and 

a very steep rising limb whereas frontal rainfall leads to a more subdued catchment 

response and wider hydrograph profile in both catchments. Frontal rainfall, however, 

brings persistent long-duration rainfall events (Met Office, 2022) which may be 

recognisable in Figures 5.6.5 and 5.6.6 due to the flows generated by frontal rain taking 

longer to return to baseflow. Overall, the catchment response to both types of rainfall is 
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similar in both catchments, continuing the trend of Lower Eidart having a narrower 

profile.  

6.3 Study Limitations  

 A potential limitation of this study is limited availability of time series data. 

However, the year of record provided for this study has presented 14 flood events with 

corresponding precipitation data which was adequate for generating a comparison of 

hydrological response between the study catchments.  The mountainous environment of 

the Upper Feshie system makes access for instrument checking, maintenance and 

calibration flow gauging very difficult especially over the winter months. Consequently, 

gauging stations can be left unattended for long periods of time in sub-zero conditions so 

either the instrumentation may freeze, or the data logger may reach capacity and stop 

logging. An increase in the temporal extent of the continuous time series would be useful 

in further comparisons of these catchments.   

 A limitation in this research is the accuracy of the hydraulic modelling. Hydraulic 

modelling is an extremely versatile tool in civil engineering, flood risk assessment and 

habitat restoration (Jowett and Duncan, 2011) with a diverse range of literature supporting 

its use, for example in Kean and Smith; (2005), Lang, et al., (2010), and Muste and Lee 

(2013). However, the unsatisfactory result of the 1D model in this research led to an 

output for Lower Eidart which was not usable. Simply put, the channel morphology of 

the modelled reach of the Lower Eidart is too complex for fully 1D modelling with many 

step-pool formations which act as stage independent and importantly, stage dependent 

controls. The reduced confidence in the input topography of the Lower Eidart is due to 

difficulty in accurately representing the ‘weir’ style controls at the head of each step-pool. 

Connection to a 2D domain and a more accurate ‘weir’ representation as an input inline 

structure would have increased confidence in the topography and yielded better results.  

A final limitation is the omission of the third reach, Upper Feshie Confluence, 

from the hydrological analysis due to lack of adequate time series. The continuous time 

series data for Upper Feshie Confluence did not overlap the study period for Upper Feshie 

and Lower Eidart, which prevented significant hydrological analysis in Upper Feshie 

Confluence.   

Additionally, application of a rating to the time series at Upper Feshie Confluence 

may also have presented insights into the accuracy of the rating extension for Lower 

Eidart and Upper Feshie through sense checking the peak flows throughout the 14 flood 
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events used in this research. A recommendation based on this research would be the 

extension of the rating equation at Upper Feshie Confluence so that this research may be 

built upon and consolidated in its aim of attaining knowledge of the runoff regime of 

these upland blanket peat and mineral catchments. Figure 6.3.1 has been generated by the 

combination of flows from Lower Eidart and Upper Feshie and shows a series of peaks 

for most flood events in this study. Hydrological analysis of Upper Feshie Confluence 

following the methods used in this study may verify the results of the lag time analysis 

presented in Chapter 5. 

6.4 General Implications 

 This research has increased knowledge of upland hydrological response across 

spatial and temporal scales. Shuttleworth, et al., (2019) presents catchment scale results 

for assessing the impact of surface runoff in peatland catchment hydrological response. 

This study may augment the work of Shuttleworth, et al., (2019) due to the extension of 

the ratings so that they may be applied to Lower Eidart and Upper Feshie as they naturally 

regenerate, facilitating a way of recording changes to hydrological response at catchment 

scale.  The extension of these ratings for gauging stations carefully placed in areas of 

bedrock control will be applicable to data captured over a greater temporal period as flows 

are projected to increase by up to 40% by 2100 (Arnell, et al., 2021). 

Blanket peat environments are efficient carbon sinks (NatureScot 2020) and 

therefore it is important that knowledge of these environments is attained and validated 

as peat restoration is of paramount conservation importance at a national scale. Therefore, 

quantifying changes in catchment response as the blanket peat is restored may be used as 

a means of quantifying the effect of the restoration. The baseline difference in lag time 

between the two catchments has been identified as 23 minutes, with the potential for sub-

catchment synergy to increase the flood wave from the Upper Feshie if the difference of 

lag time is reduced by restoration, which signals successful regeneration but may increase 

flood risk downstream.  

 Surface runoff attenuation through peat bog restoration is by proxy, a soft flood 

management measure (Carrick, et al., 2018) as it is categorised as flood attenuation 

measure which is associated with surface cover change. Black, et al., (2021) presents 

evidence of catchment scale success in the application of flood risk management through 

hydrological analysis including lag time to peak discharge. This research may have 

implications for augmenting knowledge of the effectiveness of soft Natural Flood 
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Management measures as the overall Feshie catchment is currently being naturally 

regenerated as mentioned in Chapter 1. Therefore, the analysis of lag time to peak 

discharge and the creation of a characteristic median hydrograph will stand as a baseline 

for a temporal comparison of the current hydrological response of Lower Eidart and 

Upper Feshie and how these catchments may react after a sustained period of 

regeneration.  

 Overall, this research serves to bridge the gaps in current knowledge of the 

hydrological response of upland bare peat and mineral catchments at catchment scale. 

Additionally, this research may augment the work of Black, et al., (2021) and 

Shuttleworth, et al., (2019) by presenting a baseline for insights into the spatial and 

temporal impacts of peatland restoration on flood events and risk in the Scottish 

Highlands.  

Chapter 7: Conclusion  

The aim of this study was to compare the hydrological response of two neighbouring 

blanket peat and bare peat/ mineral sub catchments of the Feshie catchment, Scottish 

Highlands. For the estimation of flows for the installed river gauging stations, HEC-RAS 

1D modelling was found to be successful for Upper Feshie however not Lower Eidart due 

to the complexity of the reach. The Q = VA method replaced the 1D modelling in the 

extension of the rating equation for Lower Eidart and yielded more realistic results. 

The results of the Q = VA method presented a peak discharge of 11.8 m3/s and a 

mean annual runoff of 1183 for Lower Eidart which received 1400 mm of rainfall in the 

study year through the creation of a two-part rating equation. The Upper Feshie results 

included 20.2 m3/s and 1268 mm for Lower Eidart which received 1400 mm of rainfall 

in the study year through a three-part equation generated in HEC-RAS.  

It is recommended that empirical analyses are used in the place of hydraulic 

modelling for complex upland catchments as hydraulic modelling is based on 

assumptions and input parameters, whereas empirical means such as the Vbar method 

begin from observational data with high confidence.   

Analysis of lag time to peak discharge across 14 events showed that Lower Eidart, 

which predominantly has bare peat (>27%) and exposed mineral soil (>59%) for surface 

coverage, peaked 23 minutes faster than Upper Feshie. The statistical test found this 23 

minute to be statistically insignificant with P = 0.1171. In addition to this lag time 
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analysis, creation of a median hydrograph for both catchments allowed ease of 

comparison between these catchments in terms of their hydrological response. It was 

found that both catchments have a very similar hydrological response (Figure 5.6.1) 

where the gradient of the rising limb of both catchments is remarkably similar. However, 

Lower Eidart is consistently narrower in profile than Upper Feshie across all synthesised 

hydrographs which is attributed to the physical soil characteristics of the catchment 

leading to reduced surface friction, lower storage and more rapid runoff conveyance than 

Upper Feshie. 

Lower Eidart has a higher antecedent flow prior to the simulated hydrograph, 

potentially explaining why Lower Eidart exhibits much lower peak discharge for two 

catchments that are both approximately 30 km2, however this baseflow observation is 

inconsistent with prior expectations from literature (Chapter 2, section 2.2) and the FEH 

(2022) catchment descriptors (Table 3.3.1). 

A sensitivity analysis of this hydrograph in terms of the creation of a median 

hydrograph subset based on flood magnitude (Figures 5.6.2 and 5.6.3) validated the 

median hydrograph in Figure 5.6.1 because there was little variability in the shape of the 

hydrographs across the range of flows. A hydrograph subset based on precipitation type 

were divided into frontal and convective to see how these catchments react to different 

precipitation input (Figures 5.6.4, 5.6.5 and 5.6.6). The results showed that both 

catchments respond to convective precipitation more quickly and return to baseflow more 

quickly than with frontal events. Because all bar one of the events were of frontal origin, 

the general comparison between hydrograph shapes for all events applied equally for the 

frontal events. 

Validation of this research through extension of the rating equation at Upper 

Feshie Confluence may verify the analyses in this study, which is of national conservation 

importance as this study may present insights into the effects of natural regeneration on 

hydrological response of upland catchments.  

This research may set the baseline for temporal analysis of changes in the 

hydrological response of Lower Eidart as the regeneration matures. These temporal 

comparisons may augment the work of Black, et al., (2021) and Shuttleworth, et al., 

(2019) as it may help quantify the effectiveness of catchment scale regeneration on 

surface runoff attenuation as surface runoff is the primary means of runoff conveyance in 

Lower Eidart and Upper Feshie. 
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 Understandings of catchment scale regeneration is of national importance as 

peatland restoration is of paramount conservation importance globally, especially in an 

uncertain time of changing climate. Lower Eidart peaks 23 minutes before the Upper 

Feshie and if this difference in lag time is reduced by increased surface roughness through 

natural regeneration, it may lead to enhanced sub catchment synergy which may increase 

the flood wave at the confluence countering NFM efforts.  

Overall, this research presents novel findings of the hydrological response of two 

neighbouring bare peat and mineral catchments in the Feshie catchment where the Lower 

Eidart peaks 23 minutes faster than the Lower Eidart and has a consistently narrower 

hydrograph profile. These results are attributed to the contrasting physical characteristics 

of these catchments as Lower Eidart has reduced storage capacity and enhanced surface 

runoff through a great incidence of well-draining mineral soils (>59%) and poor condition 

peat (>27%) leading to more efficient runoff conveyance when compared to Upper 

Feshie. Upper Feshie is predominantly peat (>65%) and peaty soil (>10%) which has a 

greater ability to attenuate runoff through friction and slightly enhanced storage, leading 

to a wider hydrograph profile and longer lag time. Therefore, the contrasting physical 

descriptors of the catchments are consistent with the hydrological differences observed, 

and consistent with the results published by Soulsby., et al (2006), while being at odds 

with the BFI values obtained from the FEH Web Service which indicate a stronger 

baseflow contribution from the Upper Feshie. 

 Further research should aid the continuity of these hydrological analyses by 

validating this study with Upper Feshie Confluence, and by generating interest to 

continue the research and consolidate the availability of time series meteorological and 

flow data from these upland catchments. This line of study has a unique and important 

opportunity to unlock the hydrology of Scottish headwater catchments in broader peat 

environments and allow for monitoring of hydrological response spatially and temporally 

in an unprecedented time of climate concerns and conservation drive.  
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Appendices 

Appendix A: Survey Derivation Report 

A derivation report is an account of the corrections applied to topographic observations 

which are taken relative to no known location. The base station becomes an area of known 

high accuracy after post processing and these observations are therefore corrected to be 

in line with OS Datum Newlyn.  
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Appendix B: Code Used for R-Studio 

A series of programming code used to undertake a Mann-Whitney Wilcoxon Test. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

setwd("C:/Users/Downloads") 

river1<-read.csv("Lag.csv") 

attach(river1) 

river2<-as.factor(river) 

shapiro.test(count[river2=="LE"]) 

#   data:  count[river2 == "LE"] 

#  W = 0.87041, p-value = 0.04253 

shapiro.test(count[river2=="UF"]) 

# Shapiro-Wilk normality test 

#  data:  count[river2 == "UF"] 

#  W = 0.9706, p-value = 0.8846 

wilcox.test(count~river2) 

#  data:  count by river2 

#  W = 132.5, p-value = 0.1171 

# alternative hypothesis: true location shift is not equal to 0 

 




