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Abstract

In July 2007 an intense summer storm resulted in significant activation of the
sediment system in the Thinhope Burn, UK. Catchment- and reach-scale
morphodynamic modelling is used to investigate the geomorphic work
undertaken by Thinhope Burn; comparing this with the more subdued responses
shown by its neighbours. Total sediment efflux for Thinhope Burn over the 10 yr
period 1998-2008 was 18801 m? four times that of the larger Knar catchment
and fifty-four times that of the smaller Glendue Burn catchment. For a
discharge of 60 m3s™!, equivalent to the July 2007 Thinhope flood, sediment
efflux was 575 m3, 76 m3, and 67 m?3 for Thinhope, Glendue and Knar Burns
respectively. It is clear that Thinhope Burn undertook significantly more
geomorphic work compared to its neighbours. Analysis of the population of
shear stress for reach-scale simulations on Thinhope Burn highlighted that the
final three simulations (flood peaks of 60, 90, 236 m3s!) all produced very
similar distributions, with no marked increase in the modal shear stress (~250
Nm=2). This possibly suggests that flows >60 m3s! are not able to exert
significantly greater energy on the channel boundary, indicating that flows in the
region of 60 m3s! attain ‘peak’ geomorphic work. It is argued that factors such
as strength resistance of the key sediment sources (e.g. paleoberms perched on
terraces), structural resistance to flood waves imposed by valley form
resistance, location sensitivity and transmission resistance, may all offer
explanations for increased geomorphic effectiveness compared with its
neighbours. With the expectation of greater rainfall totals in the winter and
more extreme summer events in upland areas of the UK, it is clear that attention
needs to focus upon the implications of this upon the morphological stability of

these areas not least to aid future sustainable flood risk management.
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Introduction

Globally, there has been increased recent interest in flash flooding in low
latitudes (Wohl et al., 2012; Quesada-Roman et al., 2020a,b), upland and
mountain river systems due to the uncertainty imposed by climate change
(Gaume et al., 2015; Modrick and Georgakakos, 2015; Stoffel et al., 2016).
Upland areas are particularly susceptible to flash flooding, which is one of the
top-ranked causes of fatalities among natural disasters globally (Borga et al.,
2011; Hopkins and Warburton, 2018). Increased heavy precipitation at regional
(Groisman et al., 2004) and global scales (Groisman et al., 2005; Beniston,
2009) is thought to be linked with global warming (Huntington, 2006; Kenden et
al., 2014; Wilby et al., 2018; Otto et al., 2018), and consequently the hazard
imposed by flash flooding is expected to increase in frequency and severity
(Kleinen and Petschel-Held, 2007; Beniston et al., 2011). Over the last 15 years
in the UK, and co-incident with the current wet-phase in UK climate (Wilby et al.,
2008; Dadson et al., 2017), there have been a humber of events that have
activated upland sediment systems, causing problems to bridge infrastructure
and flooding, notably including the Storm Desmond impacts on upland streams
in the Lake District (Joyce et al., 2018; Heritage et al., 2019). Flooding in
upland areas also has economic impacts, and in the UK, damage caused by
fluvial flooding is estimated to cost its economy ~£1.1 billion annually (Sayers et

al., 2020).

Upland geomorphic response to extreme events
In the UK uplands, occasional extreme rainfall events can trigger a dramatic
geomorphic response, whereby the full sediment system may be activated;

resulting in active slope supply to river channels (Harvey, 1986; Harvey, 2007),
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and significant channel bed and floodplain mobilisation (Newson, 1980; Carling,
1986; Warburton, 2010; Milan, 2012; Joyce et al., 2018). Such events may be
considered unusual in a number of respects. For example peat ‘slides’ or ‘bog-
bursts’, caused by high soil water pressures, and often lubricated by water
accumulating at the interface between peat and underlying till or bedrock, can
supply large volumes of organic-rich sediment to first and second order streams
(Newson, 1980; Carling, 1986; Large, 1991; Dykes and Warburton, 2007).
Slopes that are connected to the channel in first and second order tributaries can
supply enough sediment to change channel morphology a short distance
downstream (Harvey 2001). Large boulders, in some cases metre-size, can be
transported (Carling, 1983, Milan, 2012), and bedload transport rates can be
very high sometimes aided by non-Newtonian sediment transport processes
(e.g. Rickenmann, 1991), and accompanied by channel morphological change
(sensu Brierley and Fryirs, 2016): such as channel widening and a switch from
single- to multithread (Harvey, 2001; Milan, 2012). Very few studies have fully
quantified the morphological response of river channels following such ‘state-
change’ events (Graf, 1979; Knox, 1993; Phillips, 2014; Brierley and Fryirs,
2016), nor the recovery in the years following the event (Fryirs, 2017).
Furthermore, there has been limited work investigating the factors responsible
for sporadic incidences of enhanced catchment-scale ‘effectiveness’ (sensu
Lisenby et al., 2018) to high magnitude events; whereby extreme volumes of
bedload are transported (geomorphic work) over relatively short time periods at

a centennial timescale.

Improved strategies for the management of sediment transfer in upland areas

may be necessary for improved flood risk management in the future, which will



102  need to be informed by an improved understanding of the geomorphic response
103  of catchments to extreme events, and identification of those catchments that are
104  likely to respond to extrinsic threshold exceedance related to increased flow

105 magnitude and frequency driven by climate change. However, the relationship
106  between cause (floods) and effect (sediment system and channel response) is
107  acknowledged to be complex and non-linear (Phillips, 1992). There is a need for
108  future sediment management for flood risk in upland areas to consider the

109  concept of ‘geomorphic effectiveness’ (Lisenby et al., 2018), in parallel with a
110  suite of other interrelated, fundamental geomorphic concepts (Table 1)

111  including: landscape ‘sensitivity’ (Brunsden and Thornes, 1979; Fryirs, 2017),
112 extrinsic/intrinsic ‘thresholds’ (Schumm, 1979; Beven, 1981), ‘connectivity’

113 (Fryirs, 2013; Bracken et al., 2015; Heckman et al., 2018), ‘recovery’ (Harvey,
114  2007; Fryirs and Brierley, 2000), and ‘event sequencing’ (Beven, 1981).

115

116 Table 1 Defining fundamental geomorphic concepts.

117

118  This paper uses morphodynamic modelling to investigate the differential

119  geomorphic response of three small neighbouring catchments to different

120 magnitude flood events; and discusses the results in the context of these

121  geomorphic concepts, and associated implications for upland flood risk and

122  sediment management. Specifically, the paper aims to:

123

124 1) Explore differential catchment- and reach-scale effectiveness through

125  simulating geomorphic work;

126
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2) Identify catchment- and reach-scale threshold exceedance for sediment

stores.

Study Location and Hydrological Event

The study focused upon three neighbouring tributary catchments to the River
South Tyne, Cumbria, UK: Knar Burn, Thinhope Burn and Glendue Burn (Figure
1, 2). The Thinhope and Glendue Burns have very similar geology: mainly
Carboniferous Mudstone, sandstone and Limestone. Microgabbro is also evident
on Thinhope Burn. The Knar Burn geology comprises Limestone, sandstone,
siltstone and mudstone. The bedrock in the three catchments is overlain by
Pleistocene glacial diamict that has been modified by solifluction processes on
slopes. In the headwaters of each sub-catchment, peat overlays the diamict to
depths of up to 2 m. In terms of geological controls, a single fault is evident on
Thinhope Burn around 500 m downstream of the confluence of the 2" order
Feugh Cleugh. Two notable faults are evident on the Knar Burn in close
proximity to one another immediately downstream of the confluence of the Knar
Burn with the Gelt Burn. No faults are evident on the Glendue Burn. Land-use
in the catchments is predominantly moorland in the headwaters with some
rough grassland grazed by sheep. On Thinhope Burn upstream of Burnstones
bridge (<1 km from the confluence with the South Tyne), interception is limited
to that afforded by heather, bracken, and grasses, with some riparian forest
evident downstream of Burnstones. A small coverage of predominantly riparian
forest is found on the Glendue (<15% of catchment area) and Knar Burn (<3%
of catchment area). Catchment hydrology is influenced by natural pipe drainage

in the peat, and is also assisted through an artificial field drainage system,
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locally known as ‘grips,’ cut into the peat down to the diamict, which were
installed between the 1960s and 1980s in the belief that they would benefit both
livestock and grouse. Although the three tributary sub-catchments to the South
Tyne under investigation in this study were not gauged, flow data exists for the
South Tyne itself at Featherston approximately 4.5 km downstream of its
confluence with the Glendue Burn (Figure 1A). Peak flow data are of key interest
in this study, and annual peak flows since 1966 are plotted in Figure 3. Between
1966 and 1993 the maximum flow was 310 m3s™!, Since 1993 there have been

seven years where peak flows have exceeded this figure.

Figure 1 Study Catchments; A) South Tyne catchment and three sub-
catchments at the centre of investigation. Tributaries to Thinhope Burn are
indicated (M - Mardy’s Cleugh; F - Feugh Cleugh), and Knar Burn (G - Gelt
Burn); B) DEMs for neighbouring Knar, Thinhope and Glendue Burns. The 5km?
NIMROD radar cells are overlain and the 24 hr rainfall totals are indicated in the

corner of each cell.

Figure 2 Photos of A) Glendue Burn (July 2008), B) Thinhope Burn (June 2004)

and C) Knar Burn (July 2008)

Figure 3 Annual peak flow data for the South Tyne and Featherstone, station

23006, (nrfa.ceh.ac.uk).

Notably the peak flows in 2004, 2011, 2012 and 2015 all exceeded 400 m3s,
with the 2012 peak flow exceeding 500 m3s. There is a strong suggestion that

the change in hydrology is linked to the current wet phase in UK climate, that is
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predicted to be most pronounced in upland areas in the winter months (Dadson
et al., 2017). The 2007 summer event discussed in this paper did not appear to
produce significant catchment-wide flooding on the South Tyne, probably due to
the localised nature of the storm (Figure 1B), hence does not appear as a
notable maxima. However, it is likely that the increasing magnitude and
frequency of extreme events shown in the South Tyne peak flow data, is

influencing geomorphic processes throughout the catchment.

Morphometric details of the three catchments are provided in Table 2. The
indices are included in the Table, mainly due to their potential influence on the
flood hydrograph and its attenuation through the catchments, and the possible
implications of these factors will be discussed later in the paper. Both Thinhope
and Glendue Burns are 3™ order, whereas the Knar Burn is a 4™ order stream
prior to its junction with the South Tyne. The Knar Burn has the largest
catchment area, perimeter, stream and catchment length, catchment width,
form factor and circularity ratio, followed by Thinhope and then Glendue Burns.
It is however the smaller Glendue catchment that has the greatest channel
slope, drainage density and elongation ratio, followed by Thinhope and then the
Knar Burn. There are some differences in bed surface grain size, as assessed
through Wolman (1954) grid sampling, with the Knar Burn displaying the
coarsest bed surface sediment, followed by the Glendue Burn and then Thinhope
Burn (Figure 2). It should be noted that the grain size information is limited to
single reaches on the three streams, and no information is available on the full

variability along the full length of each of the study streams.
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Table 2 Morphometric characteristics of the study catchments. The grain-size
information reported are for single reaches located in the vicinity of Knarburn:
54°51'34.48"N, 2°31'36.37"W; Thinhope Burn: 54°52'46.59"N, 2°31'15.70"W;

Glendue Burn: 54°54'3.62"N, 2°31'6.30"W

The summer 2007 flood; frequency estimation using lichenometry

On the 17t™, 19%, and 23™ of July 2007, a series of convective storm cells caused
localised flooding around the South Tyne catchment. Rain-gauge and river flow
data are unavailable for the three study catchment’s themselves; however,
NIMROD rainfall radar data were available (Figure 1B), and revealed a highly
localised storm situated in the headwaters of Thinhope and Glendue Burns on 17
July. The event started at around 16:00 British Summer Time and lasted
approximately 2 hours. The 24 hour rainfall for a 5-km? radar grid cell located in
the headwaters was 236 mm, and returned a maximum hourly rainfall of 30 mm
h-t. Following the event flood marks, including dead vegetation; grass, sedges,
bracken, calluna, fragments of silt, and marks on trees, were used to estimate
peak discharges, using the Manning-Strickler formulae (Manning, 1891).
Probable discharges equated to 60 m3st, 6 m3stand 19 m3s for Thinhope
Burn, Glendue Burn and Knar Burn respectively, with the ranges of the
estimates shown in Table 3. Probable specific peak discharges for Thinhope
Burn were 5.5 m3s'! km?, substantially greater than the neighbouring Glendue
(1.3 m3s? km?) and Knar Burn (1.1 m3s! km?) catchments, with indicative
ranges around these estimates shown in Table 3. To give some context, the

Thinhope Burn specific peak discharge exceeds the value of 2.7 m3s? km?
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reported by Carling (1986) for Langdon Beck and fell within the range (2.4 and

10 m3s! km?) reported by Harvey (1986) for the Howgill event.

Table 3 Peak discharge estimations and approximate runoff rates for the study

sites for the 17t July 2007 flood (adapted from Bain et al., 2017)

Comparing the 2007 event with Thinhope Burn’s flood history

It is recognised that caution should be applied when estimating recurrence
interval, due to the non-stationarity of river flows over both decadal and
centennial timescales, due to climate and land-use changes (Milly et al., 2008).
However, old flood deposits (cobble-boulder bars, sheets and splays, and
boulder berms and lobes) dated prior to the 2007 flood, using the lichen Huilia
tuberculosa (Macklin et al., 1992), and data collected post flood in 2007 (Milan,
2012), allow an extreme event recurrence interval to be estimated for Thinhope
Burn, based on evidence for 22 events since 1766. Macklin et al. (1992) also
measured the grain-size of the ten largest clasts on the berms considered in
their lichenometric analyses, giving a surrogate for flood magnitude. The Dso of
ten largest clasts measured from fresh boulder berm deposits following the 2007
event was 730 mm (Milan, 2012), and when compared with dated flood deposits
it was evident that events of a similar magnitude to 2007 had only occurred
twice since 1766, with major event’s occurring in 1766 (Dso = 740 mm), and in
1929 (Dso = 730 mm), suggesting a recurrence interval for the 2007 flood of 1

in 80 years.
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Methods

Morphodynamic modelling

To achieve the study aims, a cellular landscape evolution model (CAESAR-
Lisflood) was employed (Coulthard et al., 2013; Van de Wiel et al., 2007).
CAESAR has previously been shown to be an effective tool to explore differential
catchment-scale geomorphic response to environmental change over the
Holocene in upland Britain (Coulthard et al., 2005). CAESAR-Lisflood combines
a hydrological and hydraulic flow model that operates on a sub-event time step,
simulating the transport of grain size mixtures, morphological changes and slope
processes. TOPMODEL is used to simulate catchment-scale hydrological
processes (Beven and Kirkby, 1979), whilst a hydrodynamic 2D flow model,
based on the Lisflood FP code (Bates and De Roo, 2000), that conserves mass
and partial momentum, and simulates in-channel hydraulic processes, is used at
the reach-scale. Bedload sediment transport is calculated using Wilcock and
Crowe’s (2003) equation, well suited to the grain size mixtures found in gravel-

bed rivers.

Newtonian or non-Newtonian flow?

Newtonian flow conditions are assumed for sediment transport in the modelling,
although it is acknowledged that flash floods can generate non-Newtonian
conditions. Interpretation of sediment deposits following flash floods in upland
and mountain river systems can be problematic. Deposits resembling the form
and sedimentary structure found on Thinhope Burn (Macklin et al., 1992), have
been attributed to flows with high sediment loads, variously defined as ‘debris
torrents’ (Miles and Kellerhals, 1981), ‘bedload’ (Iseya et al., 1992, and

‘hyperconcentrated’ (Pierson and Scott, 1985; Scott, 1988) flows. Carling

11
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(1987) concluded that berm deposits on the West Grain River, North Pennines,
UK, resulted from debris torrents, as opposed to debris flow deposits (Costa,
1984). Debris flows may be strongly non-Newtonian whilst debris torrents tend
to be transitional or Newtonian in character, depending on the sediment
concentration (Pierson and Costa, 1987). Carling (1989) also working on north
Pennine streams, noted that suspended sediment loads were low even during
high flows, typically less than 100 mg 1!, and contained little clay (Carling,
1983). Furthermore, high magnitude streamflows in catchments >10 km?, can
be Newtonian in character even with concentrations of gravel and boulders of up
to 50% (Rodine and Johnson, 1976; Pierson and Costa, 1987; Carling, 1989).
Carling (1987; 1989; 1995) further indicated that berms tended to be created in
flow separation zones, where their presence may provide a useful indicator of
Newtonian as opposed to non-Newtonian flow conditions at the time of
formation. In addition, imbricate structures can be associated with debris
torrents (Carling, 1987). Following the 2007 event on Thinhope Burn, although
there was some limited evidence of poorly sorted deposits, suggestive of non-
Newtonian flow conditions for a short period on the hydrograph, the
morphological and textural evidence pointed more strongly in favour of
Newtonian flow conditions. For example, there was clear evidence of berm
deposition in flow separation zones on the inside of meander bends (Figure 4A,
B), and linear openwork deposits on the banktop (Figure 3C); both features
identified by Carling (1987; 1989). Imbrication and cluster formation involving

some of the coarsest clasts was also clear (Figure 3B,D,E).

Figure 4. Morphological and sedimentological characteristics of deposits in the

Thinhope Burn catchment, following the July 2007 flood event; A) and B) Berms

12
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deposited on the inside of meander bends on Thinhope Burn, C) Linear boulder
ribbon deposited on floodplain in a steeper section of Mardy’s Cleugh, D), E) and

F) Boulder cluster bedforms; note the Nokkia 3410 mobile phone for scale.

Catchment-scale runs

For this investigation CAESAR-Lisflood was initially run in catchment mode, using
a 10 m resolution DEM, where the three catchments were modelled separately.
Typically there is an initial period of high bedload transport and rapid
morphological adjustment as the model domain evolves in response to the
imposed initial and boundary hydrodynamics, and model parameterisation (e.g.
Bras et al., 2003; Kleinhans, 2010). A period of morphodynamic ‘spin-up’ was
employed to overcome the initial high sediment delivery, whereby the model
was run with a 10 year hourly rainfall series from Keswick (latitude 54° 36.0” N,
longitude 3° 31’ 08.0” W). In addition the 10 year period also facilitated an
assessment of long term responses to wetter climatic periods, and the
differences in sediment yield between the three study catchments. Although
Keswick is situated to 50 km west of the South Tyne catchment, it was thought
likely to exhibit broadly similar rainfall characteristics related to the dominant UK
weather patterns, i.e. frontal rainfall. The end-point catchment DEM was then
used as the start-state DEM to run local, hourly 5 km? NIMROD rainfall radar for
11t — 24% July 2007, to investigate geomorphic response to the July 2007
floods, and enable spatial variations in rainfall to be established over short

distances between the neighbouring catchments (Figure 1B).
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Comparisons of geomorphic effectiveness and threshold exceedance, between
the three catchments were investigated by scaling the magnitude of the 11t -
24% July 2007 series to simulate the effects of different magnitude events
(typically 0.25, 0.5, 0.75, 1.0, 1.5 of the rainfall). Comparisons of catchment-
scale response (geomorphic effectiveness) to varying flood magnitudes were
made through comparisons of geomorphic work (sensu Wolman and Miller,
1960), quantified through an examination of catchment cumulative sediment
efflux initially over a 10 year period (1997-2007). Geomorphic work was also
quantified in the same manner for the scaled runs of the 2007 event, permitting
an analysis of the effects of event magnitude upon geomorphic work and
identification of threshold exceedance. Through analysis of catchment sediment
output it was hoped to link any increases in sediment transport rate to sediment
transport initiation in the channel, and releases from stores held in old flood

deposits and terraces, and infer threshold discharges for these.

Reach-scale modelling

Further attention was directed to the response at the reach-scale for Thinhope
Burn, that showed responsive behaviour to the July 2007 event (Figure 5),
allowing a closer examination of sediment transport processes and geomorphic
work, and a comparison with quantitative observations of morphological impacts
reported in Milan (2012). Here, CAESAR-Lisflood was run in reach mode this
time using a 2 m LiDAR DEM and the discharge and sediment efflux from the
catchment scale run. A uniform Mannings n of 0.032 was used to represent
grain roughness effects and was calculated using Vischer and Hager’s (1998)

equation

14
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(1)
where the Dso was based on empirical measurements (Wolman, 1954) of grain
size in berms, lobes and bars, with form roughness accounted for in the DEM. It
is acknowledged that some workers have represented spatial roughness
variability within the model domain to represent differences between floodplain
and channel elements for example (e.g. Thompson and Croke, 2013; Quesada-
Roman et al., 2020). However as spatial patterns of roughness change over the
course of a large flood, with parts of the floodplain stripped, new gravel
deposited onto the floodplain and old flood deposits re-worked, pre-flood spatial
roughness is not likely to reflect the condition at peak flow. Most of the studies
that have used spatial roughness have applied it to situations where the
floodplain has remained relatively stable (e.g. Werner et al., 2005; Wong et al.,
2015). For the spatial roughness approach to be successful in the current case,
the model domain would need to make spatial roughness updates as the
roughness changes over the course of the event, which for CAESAR-Lisflood is
currently not possible. In a companion paper (Milan and Schwendel, 2021), a
validation and sensitivity exercise ran for a discharge of 60m3s™ on a 500 m
reach of Thinhope Burn, where the Mannings n roughness coefficient was varied
between 0.02 and 0.06, found n=0.03 to provide a close match between
simulated water surface elevations and trashline elevations measured using
RTK-GPS soon after the July 2007 flood. Using a uniform roughness based upon
median grain size, empirically-derived from various units throughout the reach
including bars, berms and splays, therefore provided a realistic roughness
estimate for the reach. The empirically-derived grain size distribution was also

used for sediment transport in the model. The model was run on a 3 km reach,
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however attention is focused on the same 500 m reach reported in Milan (2012),

to aid comparison with empirical field analyses.

Figure 5 The 500 m reach of Thinhope Burn where detailed morphological
changes have been documented (see Milan, 2012; Milan and Schwendel, 2019;
Schwendel and Milan, 2021), and used for reach-scale morphodynamic

modelling in this paper (source: Google Earth Pro, 2021).

The depth-average velocity and depth output rasters from the simulations were

converted to boundary shear stress (t,) using

V2 2
T, =25 (Nm?)
y3
(2)
where V is depth-averaged velocity, p is water density, g is gravitational

acceleration, n is the Manning’s roughness coefficient, and y is water depth over

each pixel.

Results

Catchment sediment efflux

It is clear that Thinhope Burn produces significantly more sediment over the
study period, despite it displaying lower discharges than the Knar Burn
catchment, and possibly highlighting the sensitive nature of this catchment
(Figure 6). Predicted discharges are greater for the larger Knar Burn followed by

Thinhope and then the smallest catchment, the Glendue Burn. The discharge
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series reveal flood rich periods between 1998 and 2001, and 2005-2008.
Inspection of the Thinhope discharge series (Figure 6C) reveal several peaks
that exceed the 2007 summer flood peak estimate (Milan, 2012), and therefore
suggest that the Keswick rainfall series, was higher than that experienced
locally. For the Thinhope Burn simulations, this resulted in notable discharge
peaks of 81, 103 and 135 m3s! seen in the series (Figure 6C). Simulated
discharges are also likely to be overestimated for Knar Burn and Glendue Burn
(Figures 6B, D). Although it is acknowledged that flows are overpredicted, this
did not present an issue for the exploratory comparison of the effects of different

magnitude flows on geomorphic work, at the center of this paper.

Figure 6 Time series plots showing A) cumulative sediment efflux from
catchment scale runs for 1998-2007, simulated discharge for the B) Knar Burn,

C) Thinhope Burn, D) Glendue Burn.

Estimates of total sediment efflux from the simulations allow a comparison to be
made concerning the amount of geomorphic work undertaken by the three
neighbouring catchments. Total simulated sediment outputs for Knar, Thinhope
and Glendue Burns were 5172 m3, 18801 m3, and 349 m?3 respectively. The
1998-2001 flood-rich period is associated with the sharpest rises in sediment
yields over the 10 year period, for all three sub-catchments. Relatively low
magnitude events occur between 2001 and 2005, and this is reflected in low
sediment yields during this period, represented by flatter trajectories on the
cumulative plots in Figure 6A. The largest events towards the end of the series

(between 2005-2007) result in a marked increase in sediment output for the

17
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Thinhope catchment, with a more damped response shown in the Glendue and

Knar catchments.

Sediment efflux comparison for the summer 2007 floods: geomorphic
effectiveness and identification of threshold exceedance

Over the 14 day period between 11%-24t July 2007 there were two peaks on the
hydrograph, the major peak occurring at 2 am on the 18 July and a minor peak
on 20% July 2007 (Figure 7). The rainfall events for this period were scaled to
simulated discharges of different magnitudes, and the scaling and discharge
peaks are indicated in the Figure legends. The aim of this procedure was to
examine differences in sediment outputs (geomorphic work), and thresholds for
sediment mobilisation between each sub-catchment. The discharge hydrograph
using unscaled (1.0) rainfall radar input for Thinhope (see blue line on Figure
7A) shows a discharge peak of 90 m3s!, which is greater that the previous
reported estimate of 60 m3st (Milan, 2012), suggesting either that the
TOPMODEL rainfall runoff component of CAESAR-Lisflood is overestimating
discharge, or previously reported estimates for peak discharge using post-flood
trash line elevations to derive hydraulic radius data for input into the Manning
Strickler equation, underestimated discharge. Either way it is important to point
out that does not affect the analysis and interpretations made in this paper, as it
is the comparative geomorphic work undertaken by the study catchments under

a range of peak flow scenarios that is the focus of this investigation.

Figure 7 Results from CAESAR-Lisflood simulations over the 14 day period

between 11t-24% July 2007, following spin-up: A-C) Hydrographs produced
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using scaled rainfall inputs for the three study catchments, D-F) cumulative

sediment efflux from the scaled model runs.

For Thinhope Burn, sediment output shows a clear stepped appearance, where
each of the steps are related to the two hydrograph peaks. These steps,
particularly evident for the larger events for all three sub-catchments (Figure
7D-F), result from relatively sudden increases in sediment transport, and hence
may be inferred as being indicative of intrinsic thresholds being crossed, such as
sediment stored in the bed and bars, and old flood deposits stored in boulder
bars, splays, lobes and berms. Although sediment transport takes place in
response to the main flood peak for the 0.25 and 0.5 scaled runs, there is a
marked increase in sediment transport for the 0.6 run. Surprisingly there is not
such a marked further increase in sediment transport for the peaks on the 1.0
and 1.5 scale runs. This may suggest that a sediment transport threshold is
reached somewhere in the flow range, possibly reflecting sediment availability
(and then exhaustion) in berms and lobes situated on lower terraces within the
Thinhope valley. Although sediment transport increases slightly on the second
hydrograph peak for the 0.6 run (where 14 m3s! was reached on the 2™ peak),
a more marked increase is shown for the 1.0 and 1.5 runs, where 39 m3s™ and
85 m3s! were reached on the secondary peaks respectively. This may reflect

the flow reaching a higher terrace level and reworking of these areas.

The other two catchment runs do not allow as much insight into threshold
exceedance. For the Knar Burn, sediment transport is only really notable for the
three higher simulations (0.75, 1.0 and 1.5 scale runs), and again increases are

associated with the primary and secondary hydrograph peaks (Figure 7B,E). For

19



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

Glendue Burn, sediment transport is only notable for the highest flow simulation
(1.5 scale run), with the slight rises associated once more with the primary and
secondary hydrograph peaks. Less significant sediment efflux is shown for the
1.0 scale run, and only associated with the primary discharge peak (Figure

7C,F).

Comparison of geomorphic effectiveness undertaken in study catchments

To compare the geomorphic effectiveness undertaken by the three neighbouring
catchments in response to the summer 2007 event, the geomorphic work
undertaken is quantified through comparing total sediment outputs plotted
against the peak discharges for the different model runs using the scaled rainfall
series (Figure 8). The Thinhope Burn curve sits farthest left of the three,
indicating greater sediment efflux, and hence geomorphic work, for a given
discharge in comparison to the neighbouring catchments. The steeper curve
also suggests greater responsiveness to discharge increases than the two
neighbouring catchments. However, in contrast to the cumulative sediment
efflux totals shown earlier in Figure 6, it is the smaller Glendue Burn catchment
that shows greater geomorphic work compared with the largest catchment of the
three the Knar Burn. Comparative geomorphic effectiveness at the catchment-
scale may be examined by comparing the geomorphic work undertaken by the
60 m3s™, equivalent to the previously reported flood peak seen on Thinhope
Burn (Milan, 2012), that resulted in a total sediment efflux of 575 m3. This was
over seven times that predicted for Glendue Burn and nearly nine times greater

than that shown for the Knar Burn.
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Figure 8 Total sediment efflux plotted against peak discharge for each scaled
run, over thel4 day period between 11t-24th July 2007, for the three study

catchments.

Comparison of reach-scale spatial hydraulics and morphological impacts for
varying flood magnitudes

For all the simulations shown, CAESAR-Lisflood produces a net sediment loss
from the reach (Figure 9). Observations of bedrock over the full length of
Thinhope Burn both before and after the 2007 event did not reveal any channel
bed exposures, and was only evident as lateral confinement, with bedrock
appearing occasionally at slope channel coupling zones (e.g. Figure 10C). The
simulated vertical changes are therefore assumed to be acting on a fully alluvial
channel. As may be expected, greater morphological changes take place with
greater flow peaks, in response to the greater hydraulic forces exerted on the
bed. A 4 m3s! event generates boundary shear stresses generally below 150
Nm-2, resulting in limited bedload transport, with net sediment erosion of 31 m3
and vertical changes in the range -0.33 m to +0.10 m. Greater peak shear
stresses generally around 350 Nm™ are found at the 27 m3s™! peak, which is also
capable of inundating a larger area of bed and filling a small paleochannel
towards the downstream end of the reach. This flow produced vertical scour and
fill in the range -0.63 m to + 0.49 m, and resulted in net erosion of 71 m3. The
60 m3s event produced very strong contrasts in shear stress; with the main
thalweg showing shear stresses of up to around 650 Nm=2, however the inside of
meanders and some channel margins showed comparatively low shear stresses

of <100 Nm™. A second paleochannel at the head of the reach is activated at
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this discharge. This flow peak resulted in vertical scour and fill in the range -
0.54 m to +1.70 m, with net sediment loss of 130 m3. The 90 m3s event
inundated wider parts of the valley floor and again results in clear spatial
contrasts in shear stress with peaks around 750 Nm™. This flow peak resulted in
vertical scour and fill in the range -1.87 m to +2.41 m, and net erosion of 847
m?3, with some evidence of sediment wave stalling and bifurcation at the head of
the reach, and berm formation elsewhere. The 236 m3s! event once again
displayed marked spatial contrasts in hydraulics across the reach, demonstrating
the potential for extreme bedload transport in some areas with peak shear
stresses again around 750 Nm™2, however areas of low shear stress still exist
even at this discharge; allowing the potential for lower sediment transport rates
and perhaps bedload stalling to take place. Many of the zones of peak shear
stress at high flow do not always map on to scour zones, suggesting that these
areas may fill with sediment on the falling limb of the hydrograph. The DoD in
this ‘severe’ scenario showed vertical scour and fill in the range -2.14 m to

+4.99 m, and net erosion of 991 m?3.

Figure 9 Reach-scale CAESAR-Lisflood output for Thinhope Burn: A)
geomorphological work at the reach-scale using end-point rasters for DoD
output for five of the different flow peaks generated from scaled rainfall data in
the catchment-scale runs; B) shear stress rasters taken at each of the five flood
peaks. N.B. Aerial photos showing actual response of the study reach to the

2007 event are shown in Figure 5.

Figure 10 Main sediment stores and sources on Thinhope Burn: A) boulder

berms perched on terraces; B) eroding slope-channel coupling zones supplying
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till (base unit) and alluvium (near surface unit); C) tributaries; D) eroding

terraces.

Hydraulic distribution

One way of further analysing the potential of different flow magnitudes to
undertake geomorphic work is to interrogate the shear stress values for each
raster pixel from the reach for each flow simulation peak (Figure 9), and to plot
these as population distributions (Figure 11). When it comes to quantifying
geomorphic effectiveness, shear stress has been noted as being one measure of
‘cause’ (Lisenby et al., 2018), that provides a very precise measure of event
magnitude. The 4 m3s™! event shows a very narrow range of shear stresses with
the mode of around 150 Nm™. Shear stress distributions for the 27 to 236 m3s™
flows all show some degree of bimodality, with common peaks shown at the
lower end of the distribution at around 50 Nm2 indicative of shear stresses in
areas where water has spilled out of channel, and higher secondary peaks
reflecting in-channel processes. There is slightly more spread for the 27 m3s!
flow peak, with primary mode of just under 350 Nm™. The population
distribution of shear stress for the final three simulations (60, 90 and 236 m3s)
all produce very similar distributions, with no marked increase in the mode
(~450 Nm) at the higher end of the shear stress distribution. The proportion
of shear stresses >450 Nm-2for the 60 and 90 m3s™! simulations is almost
identical (33% and 34% respectively), greater than the proportion exhibited for
the 236 m3s! simulation (25%). This possibly suggests that flows in excess of
60 m3s! may not able to exert significantly greater energy on the channel

boundary, and hence may only achieve more work as a result of the flow peak
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being in excess of that required to mobilise bedload for a longer period, or
through the fact that a greater area is inundated at progressively higher stages.
It is argued therefore that flows significantly in excess of 60 m3s! appear unable
to ‘trip’ any additional shear stress thresholds for sediment transport. It should
be noted that the modelling here assumes Newtonian flow conditions and an
available supply of sediment. However, if flows were to become non-Newtonian
in nature, then it would be feasible for greater sediment transport and

geomorphic work as a result.

Figure 11 Population of shear stress for different flow peaks, using the values
from each pixel from shear stress raster (Figure 9) generated using depth and
velocity outputs from CASAER-Lisflood outputs and through the application of

Equation 1.

Discussion

Geomorphic Effectiveness

The approach adopted in this paper has been to use sediment efflux
(geomorphic work) as a measure of geomorphic effectiveness (Wolman and
Miller, 1960) rather than landform modification (Wolman and Gerson, 1978).
Causal factors driving effectiveness at the catchment-scale include 1) duration
and intensity of rainfall, and 2) discharge. The dominant nature of rainfall events
impacting the study catchments is winter frontal rainfall, delivering broadly
similar rainfall magnitudes and frequencies. However, the 2007 event was
induced by localised, intense convectional storm cells, as highlighted in the 24

hour rainfall totals (Figure 1B). Hence localised convectional events, more

24



614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

commonly occurring during the summer months, can result in very localised and
catchment-specific flooding and enhanced geomorphic effectiveness. However,
CAESAR-Lisflood modelling (Figure 8) clearly indicates that Thinhope Burn
generates more geomorphically effective flood peaks for a given discharge,
resulting in greater geomorphic work in comparison to the neighbouring
catchments. Shear stress drives effectiveness at the reach-scale, where analysis
indicates that discharges significantly in excess of 60 m3s™, do not appear
capable of achieving higher modal values of shear stress. Grain size and
morphological form is likely to be fundamentally linked to the energy spectra
within the catchment. Hence 60 m3s! could be seen as a threshold discharge
capable of transporting every available grain size in the reach and modifying

available forms (bars, berms, lobes and splays).

DoDs shown in Figure 9, indicate increasing erosion and deposition volumes
(geomorphic work) throughout the simulated flow range. Net erosion is seen for
all the simulations however, which suggests efficient removal of sediment from
the reach. Itis noteworthy that empirical resurvey data for Thinhope Burn
indicated initial net deposition following the 2007 event (Milan and Schwendel,
2019; Milan and Schwendel, 2021), however with periods of net erosion in the
years that followed. Although the 60 m3s! simulation contrasts with the net
sediment delivery calculated using empirical pre- and post-event field re-survey
data, the gross pattern of berm deposition on the inside of meanders was similar
to that reported in Milan (2012). Furthermore, ten years after the event, the
reach has remained more active compared to the pre-disturbance condition
(Milan and Schwendel, 2021). Observations also reveal a wider channel in a

more active unvegetated valley floor, with a wandering channel morphology in
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comparison to the narrow single-thread sinuous stream that was in evidence
prior to the 2007 event. Hence it is argued here that Thinhope Burn has shown
‘river change’ (Brierley and Fryirs, 2005); a ‘wholesale shift to a different state’
(sensu Brierly and Fryirs, 2016, p825), triggered by the wetter climatic regime
currently linked to the wetter phase in the Britains climate (Dadson et al.,
2017). It could be further argued that future climate change, in the form of a
trend of increased winter precipitation (for England and Wales) evident since the
late 1700s (Dadson et al., 2017), has pushed the Thinhope system close to
exceeding extrinsic thresholds, and increased system sensitivity. Evidence of
response to longer term climate forcing with phases of incision thought to be
coincident with cooler wetter periods in Britains climate, are also well

documented for Thinhope Burn (Macklin et al., 1992).

Boundary and flux conditions

Brierley and Fryirs (2016) ‘river evolution diagram’ provides a useful conceptual
framework for understanding channel response to disturbance on Thinhope
Burn, highlighting the hierarchical nature of imposed ‘boundary’ and ‘flux’
boundary conditions. Boundary conditions are large and change over longer
timescales due to extrinsic factors like climate change and geological controls on
topography, base level and valley confinement. They impose threshold
conditions that dictate smaller, more transient flux boundary conditions, that
include interactions between water, sediment and vegetation, and which produce
different channel types. The total range of energy conditions set by the imposed
boundary limits determines the range of channel types that may develop in a

particular valley setting.
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For Thinhope Burn, imposed boundary conditions such as catchment-scale
morphometric attributes (Table 2) could theoretically explain differences in
geomorphic response. The larger of the three catchments is the Knar Burn; a 4%
order stream prior to its junction with the South Tyne, and as a consequence it
could be argued that this catchment could produce the highest flow magnitudes
and sediment efflux. Average valley slope is greatest in the smallest catchment
Glendue Burn, and this catchment has the greatest stream density which should
produce more rapid runoff, more ‘pointed’ hydrograph peaks. Both the Knar
Burn and Thinhope Burn have very similar average slopes, and are both 3™
order streams. More circular catchments with a higher drainage density may
induce more rapid translation of rainfall and result in higher flood peaks for a
given rainfall event. The most circular and least elongate catchment is the
Glendue Burn, followed by Thinhope and then Knar Burn. However, whichever
morphometric parameter is considered, it appears that Thinhope falls
somewhere in the middle, and hence these catchment-scale morphometric
parameters do not appear to offer a good explanation for enhanced effectiveness
shown by Thinhope Burn. The bedrock geology of the three catchments is also
broadly similar, and qualitative observation suggests that existence of faults,
evident on the Thinhope and Knar Burns does not appear to have a major
influence on local channel morphology or long profile. However, more detailed
empirical analysis of geological influence upon the three catchments, may

elucidate further possible geological influences upon fluvial processes.

Sensitivity
The results in this paper primarily inform on geomorphic effectiveness as they

concentrate on simulated sediment efflux, however some conclusions can be
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drawn with regards to geomorphic sensitivity. It seems clear that for the three
catchments to become fully activated, the thresholds required to activate the
key sediment stores in the catchment (boulder berms, lobes, splays, and
terraces) need to be attained. The stability of fluvial landforms is a function of
the temporal and spatial distributions of the resisting and disturbing forces, the
‘propensity for change’, and is diverse and complex (Brunsden, 1990; Downs
and Gregory, 1993; 2004; Phillips, 2009). The disturbing forces are those
operating within imposed boundary conditions (Brierley and Fryirs, 2016), that
disrupt the geological, hydrological and morphological framework of a system,
and can include climate change, tectonic controls, anthropogenic factors such as
land-use and biotic factors (Brunsden, 2001). ‘Landscape’ change takes place as
a normal process-response function to an imposed change in regime and
involves sediment transport, morphological evolution and structural
rearrangement as thresholds are crossed within imposed flux boundary
conditions (Knox, 2000; Brierley and Fryirs, 2016). Resisting forces of a system
relate to ability of the system to resist threshold exceedance and hence retain its
landform assemblage, following a disturbance. These forces include 1) Strength
resistance, 2) Morphological resistance, 3) Structural resistance, 4) Filter
resistance, and 5) System state resistance (Brunsden, 1993a,b). Some of these
factors may explain the greater geomorphic effectiveness of Thinhope Burn.
Grain-size information available for single reaches of the three streams indicates
broadly similar characteristics, but with both the Knar and Glendue Burns
showing slightly coarser bed surface sediments (Table 2). This results in slightly
greater critical threshold shear stresses for mobilisation for the Knar and
Glendue Burns (Table 2), and renders them slightly less sensitive to change in

comparison to Thinhope Burn.
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Thinhope Burn has much greater form roughness in comparison to its
neighbours. The valley has a distinctive ‘inherited” morphology from phases of
climatically driven incision over the Holocene, which produced a set of terraces,
coupled with depositional flood units (berms, splays and lobes), deposited by
floods since the late 1600s (Macklin et al., 1992). Morphology influences
landscape sensitivity either by concentrating or diffusing the application of
stress, and it would seem feasible that terraces and berms present loci for the

concentration of stress within the system.

The strength resistance offered by the key sediment sources in the Thinhope
valley (berms, lobes, splays and terraces), is also likely to be important for
determining sediment efflux and hence geomorphic effectiveness (Figure 10).
Brunsden (2001) notes the importance of the physical properties of the
materials making up morphological units; the strength and erodibility of the
morphology and the way in which the clasts respond to stress in either a liquid,
plastic or brittle way as important in determining geomorphic response. The
properties of sediment deposits also influences the propensity for change
(Downs and Gregory. 1993; 2004). Open-work unstructured flood deposits have
a low physical strength due to the lack of; a) fine sediment reduces the binding
effect between framework clasts (Reid et al., 1985; Allan and Frostick, 1999;
Haynes and Pender, 2007), b) imbrication (Komar and Li, 1986; Petit 1990), and
¢) bed structures such as clusters (Brayshaw 1985; Hassan and Reid, 1990),
that have been shown to reduce the threshold shear stress required for
mobilisation and increase sediment flux (Oldmeadow and Church, 2006). For

Thinhope Burn, Macklin et al. (1992, pp 636) comment on the ‘open-work clast-
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supported’ structure of the boulder berms, highlighting a lack of interstitial
matrix, and the ‘weaker fabric’ of boulder lobes in comparison to the berms.
Pre-2007 flood catchment walks, revealed similar flood deposits with a similar
structure were evident in all three catchments. However, these were more
prevalent on the Thinhope Burn and hence most likely provided greater
sediment supply from this source compared to the neighbouring catchments. In
addition, boulder berms and lobes deposited on the falling limb of the
hydrograph are unlikely to see any inter-flood reworking, important for
delivering fine sediment and developing bed structure (Reid and Frostick, 1984;

Reid et al., 1985; Ockleford and Haynes, 2013).

Structural resistance; the ‘design’ of a system, its components (and their
juxtaposition), topology, links, thresholds and controls (Brunsden 1993a,b), may
also play a role in determining geomorphic effectiveness on Thinhope Burn. Two
further sub-factors are important here ‘location sensitivity’ (which also relates to
connectivity ca. Fryirs, 2017) and ‘transmission resistance’ (Brunsden, 2001).
On Thinhope Burn, the main sediment stores in the 3™ order main valley (berms
and terraces), are located in close proximity to the contemporary channel
(Figure 10A), and as soon as threshold discharge and stage is reached whereby
these sediment sources may be accessed by hydraulic processes, then these
may become mobile; it just requires a flood stage capable of reaching the
sediment stores. Furthermore, it seems feasible that once boulder berms
become mobilised at the head of the Thinhope 3™ order channel system, coupled
with fresh supply predominantly from the 2" order part of the stream network,
then morphological change initiated at the head of the 3™ order system has the

potential to rapidly propagate further change downstream. Hence, when berms
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become mobilised at the head of the system, a chain-reaction of process-form
feedbacks is transmitted downstream; with sediment waves triggering flow

diversions and avulsions.

In addition, Thinhope Burn may have historically received more localised intense
convectional rainfall events in comparison to its neighbouring catchments, due to
local orographic effects (e.g. Napoli et al., 2019). The frequency and duration of
disturbances relative to geomorphic relaxation times is also known to be
important (Phillips, 2009). The past history of floods (magnitude, frequency and
sequencing of events), in turn leads to the morphology and structure that is
inherited by the next potentially geomorphologically effective event (Newson
1980; Beven, 1981; Lisenby et al., 2018). Every system receives a unique
pattern of ‘impulses of change’ and ‘formative events’ (Brunsden, 2001); no two
catchment systems are likely to receive the same number, sequence, frequency,
duration and magnitude of events. This ‘System State resistance’ would limit
the ability of Thinhope Burn to recover in comparison to its neighbours as the
ratio of geomorphically effective events to recovery time would be larger, thus
promoting change persistence in the landscape (Brunsden and Thornes, 1979;

Thomas, 2001).

Future management of upland river catchments

Since the early 1990s in the South Tyne catchment, there has been a change in
the magnitude and frequency of floods with peak discharges in excess of 300
m3s! (Figure 3). The change in the magnitude and frequency of large flood
events is one possible factor acknowledged as triggering threshold exceedance

in river systems (Beven, 1981; Nolan et al., 1987; Gupta and Fox, 1974;
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Newson, 1980; Kochel 1988; Magilligan, 1992; Kale et al., 1994; Costa and
O’Connor, 1995; Milan et al., 2018). This undoubtedly will influence geomorphic
processes within the larger Tyne catchment as a whole, and those sub-
catchments that are more sensitive (e.g. Thinhope Burn) are likely to show
responsive behaviour, manifest as a relatively dramatic response in terms of
sediment transport and morphological change (Figure 9). The catchment-scale
morphodynamic modelling presented in this paper suggests that when sensitive
catchments are activated they can mobilise and deliver significantly more
sediment than similar sized resilient catchments. Sensitive upland catchments
when activated, therefore may result in increased flood risk further down the
river system as a consequence of sediment delivery from upstream. Current
flood-risk management strategies in such circumstances however make no
geomorphologically-underpinned assessment of the situation, and often focus
instead on ‘reactive’ removal of gravel and clearing of vegetation, as this is
perceived as a significant causes of local flooding (e.g. McCall and Webb, 2019).
It is well established that removal of gravel often deposited as newly created
bedforms, may exacerbate channel instability potentially propagating both up-
and downstream (Kondolf, 1997); increasing system sensitivity (Sear and
Newson, 2003), preventing a return of ‘endangered’ natural morphologies
(Heritage et al., 2022), and potentially damaging instream riverine ecosystems

(Hauer et al., 2016).

Future sediment management in upland catchments must be underpinned by
geomorphology to guarantee the preservation or return of ‘rare’ channel
morphologies (Heritage et al. 2022), conserve channel and riparian/ floodplain

ecotones and help push the current Natural Flood Management agenda forward
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(Lane, 2017). A possible solution is to undertake a Nationwide survey of
headwater catchments, to identify the connectivity status of sediment cascades
(Fryirs, 2017; Heckman et al., 2018) and thus determine their sensitivity status,
hence signposting those that are most likely to respond to extreme events. This
could adopt a combination of desk-based GIS-driven approaches to quantify
connectivity (e.g. Heckman et al., 2018), and/or a modified version of the
‘Fluvial Audit’ (Sear and Newson, 2003), that more explicitly considers the
factors raised in the discussion above. This paper has also demonstrated the
potential role of morphodynamic modelling, in offering a tool to improve the
river managers understanding of catchment- and reach-scale response to floods.
The available resources are freely and widely available, not only the modelling
software, but also in the form of multi-resolution DEMs (e.g. 1m-scale LiDAR),
required to run the model. ‘At-risk’ headwater catchments could potentially be
identified from national-scale ground-survey fluvial audits, which are then
selected for more detailed morphodynamic modelling, in an attempt to

understand possible future response to extreme floods.

Conclusions

An extreme summer flood in July 2007 resulted in activation of the sediment
system and full valley-floor re-working for the 3™ order tributary of the Thinhope
Burn, contrasting with the relatively stability shown in both neighbouring
catchments. This study used morphodynamic modelling to demonstrate that
Thinhope Burn is significantly more geomorphically effective to flood events than
its neighbours, and demonstrated significantly greater geomorphic work (as

quantified through sediment efflux) conducted by Thinhope, undertaken, both
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over the longer term (1998-2008), and during the July 2007 flood event.
Reach-scale simulations demonstrated spatial patterns of adjustment
(geomorphic work) in response to varying magnitude flows. Shear stress tended
to increase with peak discharge and at around 60 m3s! modal shear stresses
peaked at around 450 Nm™. This suggested that flows in the region of 60 m3s?,
like that experienced in July 2007, may achieve ‘peak’ hydraulic output, and
hence maximum geomorphic work. Thinhope Burn appeared to have a greater
propensity for change and presently lacked an ability to recover, when compared

to its neighbouring catchments.

Morphometric catchment attributes do not appear to offer an explanation for the
differential response shown by Thinhope to the 2007 event. However it is argued
that factors such as strength resistance of the key sediment sources (e.g.
berms, lobes and splays perched on terraces) and the form resistance presented
to flood waves passing through the narrow Thinhope valley may offer
explanations for increased sensitivity. In addition two further sub-factors
relating to sediment connectivity, namely; location sensitivity (juxtaposition of
main sediment stores) and transmission resistance (ease to which morphological
response is transmitted downstream) may further explanation the enhanced

geomorphic effectiveness found in Thinhope Burn.

With the expectation of greater rainfall totals in the winter and more extreme
events in upland areas of Britain, it is clear that attention needs to focus upon
the possible implications of this on the morphological stability of these areas not
least to aid future sustainable flood risk management. A combination of a

modified fluvial audit approach (including desk-based GIS analyses of
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connectivity and field-based campaigns) and morphodynamic modelling may
offer river managers a ‘toolkit’, that can provide valuable insight, into
understanding catchments that present the greatest risk for future flooding.
However, despite being nearly 20 years on from the introduction of the Fluvial
Audit, it is clear that this has yet to be effectively rolled out and applied by river
managers in Britain. Perhaps it is time to reflect on the advances made in fluvial
geomorphology in the last two decades, and rethink upland river management to

achieve flood risk, habitat and landform conservation objectives.
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Table 1 Defining fundamental geomorphic concepts

Geomorphic
Concept

Definition

Related sources

Effectiveness

Ability of an event or combination of events to affect the
shape or form of the landscape. May be quantified using a
range of metrics the most widely accepted being ‘effective
discharge’; the flow that transports the most sediment over
time. Sediment flux or measures of landscape
morphological change may be used as measures of
effectiveness.

Wolman and Miller,
1960; Wolman and
Gerson 1978; Newson
1989; Lisenby et al.,
2018

characterises the response of a system to an external
influence, often manifest by a change in landform e.g. from
single-thread to braided, or ‘intrinsic’ whereby changes may
occur without a change in the external variable. Examples of
intrinsic thresholds in fluvial systems include the
mobilisation of sediment grains, or those required to modify
a morphological unit such as a bar, river bank, berm or
terrace. The degree to which a system is ‘sensitive’ depends
on the proximity of the system to an extrinsic threshold.

Sensitivity The severity of a response to a disturbance relative to the Thornes, 1979;
magnitude of the disturbance force. Three important Schumm, 1991; Downs
aspects; 1) Possibility of change; the ratio of impelling to and Gregory, 1993;
resisting forces; where channel response occurs when 2004; Phillips 2009;
transport forces overcome resisting forces, 2) Propensity for | Brunsden and
change; which reflects the proximity to intrinsic or extrinsic Thomas, 2001
thresholds, and the 3) Ability to recover; defined as the ratio
of recurrence interval to recovery time. Sensitive systems
take longer to recover and hence have a longer recovery
time in comparison to resilient systems, following a
threshold-exceeding event.

Thresholds Thresholds may either be classed as ‘extrinsic’, which Schumm, 1979

Connectivity

Describes the efficiency of sediment supply and transfer
through a river catchment. Stores are often (dis)connected
from the sediment ‘conveyor,” and their activation often
requires more extreme events of a magnitude and duration
capable of accessing the store and powerful enough to
mobilise the grains and the ‘form’.

Fryirs, 2013

response within a catchment. For example the high
sediment transport rates shown in the headwaters of the
Severn and Wye catchments during a 100-yr event in 1977,
was thought to have been primed by a similar magnitude
event earlier in 1973, which activated hillslopes, and
improved sediment connectivity to the channel network.

Recovery The trajectory of change toward an improved geomorphic Harvey 2007; Brierley
condition. The role of connectivity in upland landscapes is and Fryirs, 2009
identified as being a key control on recovery, due to the
effects of sediment supply on channel morphology.

Event Magnitude, frequency and sequencing of rainfall events can | Gupta and Fox, 1974;

sequencing play a significant role in determining the morphological Beven, 1981; Nolan et

al., 1987; Newson,
1980; Kochel 1988;
Magilligan, 1992; Kale
etal., 1994; Costa and
O’Connor, 1995; Milan
etal., 2018
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1234

1235 Table 2 Morphometric characteristics of the study catchments. The grain-size
1236  information reported are for single reaches located in the vicinity of Knarburn:
1237 54°51'34.48"N, 2°31'36.37"W; Thinhope Burn: 54°52'46.59"N, 2°31'15.70"W;
1238  Glendue Burn: 54°54'3.62"N, 2°31'6.30"W

1239
Morphometric index Knar Burn Thinhope Burn Glendue Burn
Catchment Area (A) (km?) 17.20 11.00 4.80
Perimeter km 19.20 16.40 12.00
Total Stream length (km) 32.00 24.40 12.80
Drainage density 1.90 2.20 2.70
Shreve order 4.00 3.00 3.00
Catchment Length (L) (km) 3.50 3.00 2.13
Catchment width 2.38 1.25 1.13
Form Factor (F) 1.40 1.22 1.06
A
F=2
LZ
Elongation ratio(E) 0.24 0.36 0.76
JZ
2 £
E=_\VP
L
Circularity ratio (C) 0.59 0.51 0.42
A
C=—%
L
Median Grain Size (m) 0.160 0.126 0.145
Bed slope 0.022 0.031 0.054
1240
1241
1242
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1244

1245
1246

Table 3 Peak discharge estimations and approximate runoff rates for the study
sites for the 17™ July 2007 flood (adapted from Bain et al., 2017).

Site Basin Discharge (m3s?) Specific mm hr! Radar Runoff
area Discharge equivalent | max (mm | coefficient
(km?) (m3st km?) hr?)
Max 85 7.7 27.82
Thinhope Burn 11 Probable 60 5.5 19.64 30 0.65
Min 50 4.5 16.36
Max 10 2.1 7.50
Glendue Burn 4.8 Probable 6 1.3 4.50 17 0.03
Min 6 13 4.40
Max 22 13 4.60
Knar Burn 17.2 Probable 19 1.1 3.98 30 0.13
Min 13 0.8 2.72
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Table 1 Defining fundamental geomorphic concepts

Geomorphic
Concept

Definition

Related sources

Effectiveness

Ability of an event or combination of events to affect the
shape or form of the landscape. May be quantified using a
range of metrics the most widely accepted being ‘effective
discharge’; the flow that transports the most sediment over
time. Sediment flux or measures of landscape
morphological change may be used as measures of
effectiveness.

Wolman and Miller,
1960; Wolman and
Gerson 1978; Newson
1989; Lisenby et al.,
2018

characterises the response of a system to an external
influence, often manifest by a change in landform e.g. from
single-thread to braided, or ‘intrinsic’ whereby changes may
occur without a change in the external variable. Examples of
intrinsic thresholds in fluvial systems include the
mobilisation of sediment grains, or those required to modify
a morphological unit such as a bar, river bank, berm or
terrace. The degree to which a system is ‘sensitive’ depends
on the proximity of the system to an extrinsic threshold.

Sensitivity The severity of a response to a disturbance relative to the Thornes, 1979;
magnitude of the disturbance force. Three important Schumm, 1991; Downs
aspects; 1) Possibility of change; the ratio of impelling to and Gregory, 1993;
resisting forces; where channel response occurs when 2004; Phillips 2009;
transport forces overcome resisting forces, 2) Propensity for | Brunsden and
change; which reflects the proximity to intrinsic or extrinsic Thomas, 2001
thresholds, and the 3) Ability to recover; defined as the ratio
of recurrence interval to recovery time. Sensitive systems
take longer to recover and hence have a longer recovery
time in comparison to resilient systems, following a
threshold-exceeding event.

Thresholds Thresholds may either be classed as ‘extrinsic’, which Schumm, 1979

Connectivity

Describes the efficiency of sediment supply and transfer
through a river catchment. Stores are often (dis)connected
from the sediment ‘conveyor,” and their activation often
requires more extreme events of a magnitude and duration
capable of accessing the store and powerful enough to
mobilise the grains and the ‘form’.

Fryirs, 2013

response within a catchment. For example the high
sediment transport rates shown in the headwaters of the
Severn and Wye catchments during a 100-yr event in 1977,
was thought to have been primed by a similar magnitude
event earlier in 1973, which activated hillslopes, and
improved sediment connectivity to the channel network.

Recovery The trajectory of change toward an improved geomorphic Harvey 2007; Brierley
condition. The role of connectivity in upland landscapes is and Fryirs, 2009
identified as being a key control on recovery, due to the
effects of sediment supply on channel morphology.

Event Magnitude, frequency and sequencing of rainfall events can | Gupta and Fox, 1974;

sequencing play a significant role in determining the morphological Beven, 1981; Nolan et

al., 1987; Newson,
1980; Kochel 1988;
Magilligan, 1992; Kale
etal., 1994; Costa and
O’Connor, 1995; Milan
etal., 2018
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1200

1201 Table 2 Morphometric characteristics of the study catchments. The grain-size
1202  information reported are for single reaches located in the vicinity of Knarburn:
1203  54°51'34.48"N, 2°31'36.37"W; Thinhope Burn: 54°52'46.59"N, 2°31'15.70"W;
1204  Glendue Burn: 54°54'3.62"N, 2°31'6.30"W

1205
Morphometric index Knar Burn Thinhope Burn Glendue Burn
Catchment Area (A) (km?) 17.20 11.00 4.80
Perimeter km 19.20 16.40 12.00
Total Stream length (km) 32.00 24.40 12.80
Drainage density 1.90 2.20 2.70
Shreve order 4.00 3.00 3.00
Catchment Length (L) (km) 3.50 3.00 2.13
Catchment width 2.38 1.25 1.13
Form Factor (F) 1.40 1.22 1.06
A
i
Elongation ratio(E) 0.24 0.36 0.76
, [A
E=_T
L
Circularity ratio (C) 0.59 0.51 0.42
c-4
e
Median Grain Size (m) 0.160 0.126 0.145
Bed slope 0.022 0.031 0.054
1206
1207
1208
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1211
1212

Table 3 Peak discharge estimations and approximate runoff rates for the study
sites for the 17 July 2007 flood (adapted from Bain et al., 2017).

Site

Basin Discharge (m3s?) Specific mm hr? Radar Runoff
area Discharge equivalent | max (mm | coefficient
(km?) (m3s? km?) hr?)
Max 85 7.7 27.82
Thinhope Burn 11 Probable 60 5.5 19.64 30 0.65
Min 50 45 16.36
Max 10 2.1 7.50
Glendue Burn 4.8 Probable 6 1.3 4.50 17 0.03
Min 6 13 4.40
Max 22 13 4.60
Knar Burn 17.2 Probable 19 1.1 3.98 30 0.13
Min 13 0.8 2.72
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Figure 1 Study Catchments; A) South Tyne catchment and three sub-catchments at the centre of investigation. Tributaries to Thinhope Burn are indicated (M - Mardy’s Cleugh; F — Feugh Cleugh), and Knar Burn (G — Gelt Burn);
B) DEMs for neighbouring Knar, Thinhope and Glendue Burns. The 5km2 NIMROD radar cells are overlain and the 24 hour rainfall totals are indicated in the corner of each cell.



Figure 2 Photos of A) Glendue Burn (July 2008), B) Thinhope Burn (June 2004) and C) Knar Burn
(July 2008)
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Figure 3 Annual peak flow data for the South Tyne and Featherstone,

station 23006, (nrfa.ceh.ac.uk).
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Figure 4. Morphological and sedimentological characteristics of deposits in the Thinhope Burn catchment, following the July 2007 flood event; A) and B) Berms
deposited on the inside of meander bends on Thinhope Burn, C) Linear boulder ribbon deposited on floodplain in a steeper section of Mardy’s Cleugh, D), E) and
F) Boulder cluster bedforms; note the Nokkia 3410 mobile phone for scale.



Figure 5 The 500 m reach of Thinhope Burn where detailed morphological
changes have been documented (see Milan, 2012; Milan and Schwendel,
2019; Schwendel and Milan, 2021), and use for reach-scale
morphodynamic modelling in this paper (source: Google Earth Pro, 2021).
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Figure 6 Time series plots showing A) cumulative sediment efflux from catchment scale runs for
1998-2007, simulated discharge for the B) Knar Burn, C) Thinhope Burn, D) Glendue Burn.
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Figure 8 Total sediment efflux plotted against peak discharge for each scaled
run, over thel4 day period between 11th-24th July 2007, for the three study
catchments.
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Figure 9 Reach-scale CAESAR-Lisflood output for Thinhope Burn: A) geomorphological work at the reach-scale using end-
point rasters for DoD output for five of the different flow peaks generated from scaled rainfall data in the catchment-scale
runs; B) shear stress rasters taken at each of the five flood peaks. N.B. Aerial photos showing actual response of the

study reach to the 2007 event are shown in Figure 5.



Figure 10 Main sediment stores and sources on Thinhope Burn: A) pre-2007 flood
boulder berm; B) eroding slope-channel coupling zones supplying till (base unit) and
alluvium (near surface unit); C) tributaries; D) eroding terraces.
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Figure 11 Population of shear stress for different flow peaks, using the
values from each pixel from shear stress raster (Figure 9) generated using
depth and velocity outputs from CAESAR-Lisflood outputs and through the
application of Equation 1.



