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• Channel confinement controlled the extent of flood geomorphic impacts 29 

• Upland valley floodplains are a major coarse sediment store during extreme floods 30 

 31 

 32 

 33 

Abstract 34 

Hillslope erosion and accelerated lake sedimentation are often reported as the source and main 35 

stores of sediment in the upland sediment cascade during extreme flood events. While upland valley 36 

floodplain systems in the transfer zone have the potential to influence sediment continuity during 37 

extreme events, their geomorphic response is rarely quantified.  This paper quantifies the sediment 38 

continuity through a regulated upland valley fluvial system (St John’s Beck, Cumbria, UK) in 39 

response to the extreme Storm Desmond (4-6 December 2015) flood event. A sediment budget 40 

framework is used to quantify geomorphic response and evaluate sediment transport during the 41 

event. Field measurements show 6500 ± 710 t of sediment was eroded or scoured from the river 42 

floodplains, banks and bed during the event, with 6300 ± 570 t of sediment deposited in the channel 43 

or on the surrounding floodplains. Less than 6% of sediment eroded during the flood event was 44 

transported out of the 8 km channel. Floodplain sediment storage was seen to be restricted to areas 45 

of overbank flow where the channel was unconfined. Results indicate that, rather than upland 46 

floodplain valleys functioning as effective transfer reaches, they instead comprise significant storage 47 

zones that capture coarse flood sediments and disrupt sediment continuity downstream. 48 
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1. Introduction 87 

Upland rivers are active geomorphic systems that generate some of the highest annual global 88 

sediment yields (Milliman and Syvitski, 1992). The steep channel gradients, high runoff and dynamic 89 

geomorphic processes result in high rates of sediment production, transfer, deposition and 90 

geomorphic change (Johnson and Warburton, 2002; Warburton, 2010).  These processes are 91 

greatest during high magnitude, low frequency, extreme flood events when sediment yields can 92 

increase by orders of magnitude, even when averaged over centennial to millennial timescales 93 

(Korup, 2012; Wicherski et al., 2017). The geomorphic impacts of these extreme events such as 94 

riverbed and bank erosion (Prosser et al., 2000; Milan, 2012; Thompson and Croke, 2013), channel 95 

widening (Krapesch et al., 2011), overbank sediment deposition (Williams and Costa, 1988; Knox, 96 

2006), floodplain scour (Magilligan, 1992) and the destruction of protection structures (Langhammer, 97 

2010) can have significant impacts on upland river valleys and surrounding society and infrastructure 98 

(Davies and Korup, 2010). Many of these upland systems have been anthropogenically modified to 99 

minimise the geomorphic impacts of 1 in 100 yr flood events (Hey and Winterbottom, 1990; Gergel 100 

et al., 2002), but under extreme flows managed river corridors can be reactivated.  101 

 102 

Previous research has focused on understanding the controls of such geomorphic change during 103 

extreme events to help better predict and manage the impacts. For example, studies have explored 104 

the potential for geomorphic work through magnitude-frequency relationships (Wolman and Gerson, 105 

1978), hydraulic forces (i.e., discharge, shear stress, stream power (Magilligan, 1992; Thompson 106 

and Croke, 2013)), catchment characteristics such as valley confinement (Righini et al., 2017), the 107 

role of engineered structures (Langhammer, 2010) and anthropogenic modifications (Lewin, 2013).  108 

However, only a few studies (Trimble, 2010; Warburton, 2010; Warburton et al., 2016) have 109 

investigated the geomorphic impacts of extreme events in terms of sediment continuity of the upland 110 

catchment sediment cascade (USC). Here, sediment continuity is defined as the physical transfer or 111 

exchange of sediment from one part of the fluvial system to another, and represents the conservation 112 

of mass between sediment inputs, stores and outputs. Sediment continuity is therefore distinct from 113 

the concept of sediment connectivity (Hooke, 2003; Bracken et al., 2015) as it describes the 114 

pathways for sediment transfer by quantifying the physical movement and storage of sediment mass. 115 
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 116 

The USC describes the supply, transfer and storage of catchment sediment from source to sink 117 

(Chorley and Kennedy, 1971; Slaymaker, 1991; Burt and Allison, 2010).  Figure 1 provides a 118 

framework for the USC displaying the main sediment stores that are often characterised in upland 119 

sediment budget studies (Reid and Dunne, 1996; Fuller et al., 2002; Brewer and Passmore, 2002). 120 

The USC is adapted from Schumm’s (1977) simple sediment cascade (SSC) model that divides the 121 

fluvial system into the production zone, transfer zone and deposition zone. In many upland regions 122 

however, the SSC is modified due to the presence of water bodies such as lakes, reservoirs or 123 

impoundments, which restrict sediment continuity between zones (Foster, 2010).  Many of these 124 

water bodies (>40%) are the product of previous glacial activity that has scoured over-deepened 125 

basins (Herdendorf, 1982; Foster, 2010; McDougall and Evans, 2015). These basins occur both 126 

towards headwaters, between catchment production and transfer zones, as well as in lowland 127 

reaches where they form major long term depositional sites (Petts, 1979; Williams and Wolman, 128 

1984; Kondolf, 1997). The movement of coarse sediment in and between the zones of the USC has 129 

been compared to a ‘jerky conveyor belt’ (Ferguson, 1981; Newson, 1997) where sediment is 130 

transferred and stored over a range of temporal scales.  Sediment stores can fuel or buffer sediment 131 

transport rates and therefore influence sediment continuity and potential geomorphic change 132 

downstream; this is particularly relevant during less frequent higher magnitude events where sources 133 

and stores of sediment can rapidly change over a short period of time (Davies and Korup, 2010; 134 

Fryirs, 2013).  135 

 136 

 137 

 138 
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 140 

 141 

 142 

 143 

 144 
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 158 

Fig. 1. The upland sediment cascade (USC) framework displaying sediment stores and the relative sediment 159 

continuity through each store during non-flood conditions. The USC framework is modified from Schumm’s 160 

(1977) Simple Sediment Cascade model.  161 

 162 

 163 

The USC production zone is characterised by mountain torrent and cascade channels that have 164 

steep channel slopes (>0.03-0.30) and surrounding hillslopes (>0.15-0.7) (Montgomery and 165 

Buffington, 1993). Here, channels are confined by the local valley topography and have no 166 

intervening floodplain; hillslopes are strongly (>80%) coupled to the channel (Lewin, 1981; 167 

Montgomery and Buffington, 1993; Harvey, 2001; Korup, 2005; Crozier, 2010). Sediment flux in this 168 

zone is dominated by suspended sediment, but during flood events bedload and coarse sediment 169 

stored on hillslopes can be mobilised, thus contributing to the total sediment load (Ashbridge, 1995). 170 

Hillslope erosion processes (mass wasting or water-driven) are the principal sources of sediment, 171 

which is deposited either on the hillslopes or in the channel (Montgomery and Buffington, 1993; 172 

Fuller et al., 2016). Previous studies have explored sediment dynamics in the USC production zone 173 
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including: (i) hillslope-channel coupling relationships (Harvey, 2001, 2007; Johnson et al., 2008; 174 

Smith and Dragovich, 2008; Caine and Swanson, 2013), (ii) variability in sediment supply, transfer 175 

and deposition (Johnson and Warburton, 2006), (iii) response of these systems to extreme flood 176 

events (Johnson and Warburton, 2002) and (iv) the relative contribution of sediment sources to the 177 

channel through sediment budgeting approaches (Warburton, 2010). 178 

 179 

In contrast, in the transfer zone (Fig. 1), sediment sources and deposits differ from those of the 180 

production zone as the channel (or piedmont channel) gradient decreases (slopes of <0.001-0.03), 181 

floodplain width increases, and the channel becomes unconfined allowing greater channel-floodplain 182 

interaction (Lewin, 1981; Church, 2002). Hillslope erosion processes are disconnected from the 183 

active channel by floodplains and therefore do not contribute directly to channel sedimentation 184 

(Lewin, 1981; Church, 2002). Instead, sediment in this zone is sourced from tributary inputs and 185 

reworked from channel bed and bank deposits. Suspended sediment dominates the low to medium 186 

flow sediment fluxes, with bedload sediment stored in the channel only mobilised at 50-60% of 187 

bankfull flow (Carling, 1988; Knighton, 1998; Fuller et al., 2002). Only during overbank flow is the 188 

largest bedload sediment entrained in quantity in this zone (Carling, 1988).  Sediment continuity in 189 

the transfer zone is heavily influenced by anthropogenic modifications to the system (Fryirs et al., 190 

2007; Lewin, 2013). The presence of upstream reservoirs or impoundments disrupt coarse sediment 191 

supply from headwaters, and influence the potential for sediment transport downstream through flow 192 

regulation (Petts and Thoms, 1986; Kondolf, 1997). Many of these systems have become ‘genetically 193 

modified’ over time (Lewin, 2013) with channels artificially confined by flood protection structures to 194 

safeguard adjacent land, reducing channel-floodplain interactions. Consequently, sediment 195 

continuity and potential for sediment storage on the floodplains during extreme flood events is heavily 196 

modified by anthropogenic activity (Wohl, 2015).   197 

 198 

Previous research has discussed the impacts of lakes, dams and impoundments on downstream 199 

sediment transport in the USC transfer zone (Gurnell, 1983; Kondolf, 1997; Petts and Gurnell, 2005). 200 

More recently, Sear et al. (2017) modelled the response to the 2009 and 2015 Cumbria floods on 201 

the Lower River Derwent, downstream of Bassenthwaite Lake, showing how the modified confined 202 
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channel reverted to a course dictated by the wider valley morphology.  However, the continuity of 203 

sediment transfer through intervening modified valley systems has only rarely been directly surveyed 204 

or evaluated in detail after extreme flood events (i.e., Johnson and Warburton 2002; Warburton, 205 

2010) and few studies have looked at how these systems recover following these extremes (Milan, 206 

2012).  207 

 208 

Understanding sediment continuity during extreme events in upland valley systems will become 209 

increasingly important for hazard management given projected increases in winter precipitation from 210 

predicted climate change (Raven et al., 2010; van Oldenborgh et al., 2015). However, extreme flood 211 

events are difficult to predict (Lisenby et al., 2018) and there are few direct measurements from these 212 

events. Consequently, their impacts have to be inferred from historical information and estimates of 213 

the quantity of sediment stored and transported are generally poorly constrained.   214 

 215 

This paper quantifies the geomorphic response of an upland river valley system (transfer zone) to 216 

Storm Desmond, an extreme flood event that hit Cumbria, Northwest UK in December 2015. 217 

Specifically we (i) quantify the geomorphic impacts of the extreme event on the upper floodplain 218 

valley system of the USC; (ii) estimate bedload sediment transport rates during the flood; (iii) 219 

evaluate system recovery one year after the flood event and (iv) place findings within the wider 220 

context of sediment continuity through the USC. This study is the first to quantify the role of the 221 

floodplain zone in the USC in response to an extreme event and thus will enable better understanding 222 

of sediment continuity in upland regions.  223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 

 231 
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2. Study site  232 

This study focused on St John’s Beck, an 8 km channelised, regulated gravel bed river downstream 233 

of Thirlmere Reservoir, Central Lake District, UK (OS National Grid Reference (NGR): NY 318 203, 234 

catchment area including Thirlmere Reservoir is 53.4 km2, effective catchment area is 12 km2) (Fig. 235 

2a). St John’s Beck is a tributary to the River Greta that flows through the town of Keswick before 236 

discharging into Bassenthwaite Lake (area = 5.1 km2). St John’s Beck ranges in altitude from 178 m 237 

OD at the Thirlmere Reservoir outlet to 130 m OD where it joins the River Greta (Fig. 2a). St John’s 238 

Beck lies in the upper floodplain transfer zone of the USC (Fig. 2b). The channel has a Strahler 239 

(1952) stream order of 3, mean channel slope of 0.005 and mean channel width of 12 m. St John’s 240 

Beck lies in a glaciated valley (Vale of St John’s) that is underlain by Ordovician Borrowdale Volcanic 241 

rocks in the north of the catchment and the Skiddaw group in the south. The land surrounding the 242 

channel is predominantly mixed woodland and pasture used for livestock grazing. St John’s Beck is 243 

a Site of Special Scientific Interest and lies in the Derwent and Bassenthwaite Lake Special Area of 244 

Conservation. The river is protected to support salmon, lamprey species, otters and floating water 245 

plantain (Wallace and Atkins, 1997; Reid, 2014).  246 

 247 

St John’s Beck has a wandering planform which has been restricted laterally due to channelisation 248 

in the late nineteenth century following the impoundment of Thirlmere Reservoir (area = 3.3 km2). 249 

The channel is confined by the natural valley topography in the upstream reaches. Floodplain valley 250 

width increases 1.8 km downstream from Thirlmere Reservoir (Fig. 2a), however the river channel 251 

has been modified and restricted from movement here (1.8-5 km downstream) through bank 252 

reinforcement and flood protection levees. Flood protection levees were built to protect farmland and 253 

a major link road from flooding. Long term flow regulation has influenced sediment transport rates in 254 

St John’s Beck and as a result the system displays clear zones of aggradation. There are four first 255 

order tributaries that flow into St John’s Beck. Flow and sediment are intercepted from two of these 256 

tributaries, which drain the Helvellyn mountain range and are directed to Thirlmere Reservoir (Reid, 257 

2014; Bromley, 2015). The third and fourth first order tributaries are constrained by the presence of 258 

a road and a sediment trap and therefore are not a major source of sediment to St John’s Beck.  259 

 260 
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 282 

3. The Storm Desmond flood event   283 

Extreme flood events in the Lake District have been documented from 1690 to the present (Watkins 284 

and Whyte, 2008) (recent floods summarised in Table 1). This study describes the geomorphological 285 

impacts of the Storm Desmond (4-6 December 2015) flood event. Storm Desmond, a North Atlantic 286 

storm, was associated with a mild and moist slow moving low pressure system located northwest of 287 

the UK that brought severe gales and exceptionally persistent heavy rainfall over northern UK (Met 288 

Office, 2016). Northern England experienced the wettest December on record (in a series from 289 

Fig. 2. (A) Location and catchment 

area of St John’s Beck, Cumbria, 

UK, identifying the study reach and 

catchment discharge and rainfall 

gauging stations. Arrows indicate 

flow direction. (B) Long profile 

through the St John’s Beck 

catchment showing the interruption 

of Thirlmere Reservoir on the USC. 
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1910), following the second wettest November, after 2009 (McCarthy et al., 2016).  The average 290 

December rainfall doubled in northern England, with the Lake District receiving three times its 291 

average monthly rainfall (McCarthy et al., 2016). Storm Desmond produced record-breaking rainfall 292 

maximums in the UK: 341.4 mm rainfall was recorded in a 24 h period at Honister Pass (NGR NY 293 

225134), Western Lake District, and 405 mm of rainfall was recorded in a 38 h period at Thirlmere 294 

(study catchment), central Lake District (NGR NY 313 194). The storm was the largest in the 150 yr 295 

local Cumbrian rainfall series (1867 – 2017), and exceeded previous records set in the 2005 and 296 

2009 Cumbrian floods. The estimated return period for the rainfall event was 1 in 1300 years (CEH, 297 

2015) based on the FEH13 rainfall frequency model (Stewart et al., 2014). The UK climate projection 298 

change scenarios for northwest England predict winter flood events like this will occur more often in 299 

the future because of increases in rainfall intensity due to climate change (Watts et al., 2015).  300 

 301 

3.1. Storm Desmond impacts  302 

Storm Desmond caused widespread disruption across northern England, and in particular in upland 303 

areas in the Lake District region. The event captured national attention when extreme weather 304 

conditions prompted a full scale emergency response to extreme flooding, erosion and sediment 305 

movement by upland rivers. Over 5000 homes were flooded, access routes were destroyed (257 306 

bridges destroyed) and key infrastructure was affected, including the erosion of the main A591 trunk 307 

road through the central Lake District. The latter was estimated to cost the local economy £1 million 308 

per day (BBC, 2016).  In the production zone of the USC, saturated hillslopes and high porewater 309 

pressures triggered landslides in a number of valleys, with sediment eroded and transported through 310 

mountain torrents (Warburton et al., 2016). Geomorphic impacts in the upper floodplain system of 311 

the USC included the erosion of riverbed and banks, floodplain scour, scour around man-made 312 

structures (bridges, levees) and extensive deposition of coarse sediment across floodplains. Storm 313 

Desmond caused severe flooding and substantial geomorphic change along St John’s Beck (Fig. 3).  314 

 315 

 316 
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 318 

 319 

 320 

 321 

 322 

 323 

 324 

Table 1 Recent flood events in Cumbria, UK, including the 24-h rainfall total and 24-h rainfall return period. 325 

 326 

 327 

 328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

Date of Event Rainfall (mm) in 
24-h period 

Estimated 24-h 
Rainfall Return 
Period (yr) 

Reference 

31 January 1995 163.5 80 Johnson and Warburton 
(2002) 

7-8 January 2005 173 100 Roberts et al. (2009); 
Environment Agency, 
(2006) 
 

18-20 November 
2009 

316.4 480 Sibley (2010);  
Stewart et al. (2010); 
CEH (2015) 
 

Storm Desmond, 4–6 
December 2015 

341.4 1300 CEH (2015) 
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 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

Fig. 3. Photographs of the impacts of Storm Desmond along St John’s Beck and the surrounding floodplains. 364 

(A–B) Flood sediments and debris (tree trunks) transported and deposited on floodplains and in the channel. 365 

(C–D) Floodplain scour. (E) Riverbank erosion. (F) Destruction of the access bridge over St John’s Beck to 366 

Low Bridge End Farm (bridge approximately 3.5 m high for scale).  367 

 368 

 369 

 370 

 371 

 372 

 373 
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3.2. Hydrological regime in St John’s Beck  374 

Flooding is not unusual in St John’s Beck, historic accounts describe a “most dreadful storm… with 375 

such a torrent of rain, [which] changed the face of the country and did incredible damage in [St John’s 376 

in the Vale]” in 1750, (Smith, 1754). This historical event has characteristics similar to that of Storm 377 

Desmond, with large boulders of sediment being transported and deposited on floodplains along the 378 

transfer zone. Long term rainfall records available for the St John’s Beck Catchment (Fig. 4a, 379 

Helvellyn Birkside gauging station NGR NY 338 133, ~6.3 km south of St John’s Beck; Fig. 1) show 380 

Storm Desmond contributes to the greatest monthly rainfall event (1361 mm rainfall in December 381 

2015) being five times higher than the mean December rainfall total in the 150 yr time series. The 382 

rain gauge on St John’s Beck (NGR NY 313 195; Fig. 1) shows the rain that fell during December 383 

2015 fell on previously saturated ground, following a total of 559 mm in November 2015 (Fig. 4b). 384 

These antecedent conditions comprise the second wettest November recorded at this site after the 385 

2009 floods (Met Office, 2016). Daily rainfall totals (Fig. 4c) show the event peaked on 5 December 386 

2015, where over a 15 min peak period, an estimated 6.8 mm of rain was recorded. Discharge 387 

records for St John’s Beck (Fig. 5a) similarly show Storm Desmond was the largest magnitude event 388 

in the 82 yr flow record with an estimated peak discharge recorded during the event of 75.4 m3 s-1 389 

(Fig. 5b). Mean discharge for St John’s Beck during the 82 yr record period is 0.85 m3 s-1; in 2015 390 

mean discharge was 2 m3 s-1.  391 

 392 

 393 

 394 

 395 

  396 
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 418 

 419 

Fig. 4. Rainfall records in the St John’s Beck catchment. (A) Long term (1860 – 2017) monthly rainfall variability 420 

in the St John’s Beck catchment from the Helvellyn Birkside rain gauge (NGR NY 338 133). (B) Monthly rainfall 421 

totals from the St John’s Beck Environment Agency (EA) tipping bucket rain gauge (TBG) from 1995-2017. (C) 422 

15 min interval rainfall record from St John’s Beck EA TBG (NGR NY313 195) during the Storm Desmond 423 

flood event. 424 
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  427 

 428 

 429 
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 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 

Fig. 5. Discharge records for St John’s Beck gauging station. (A) Annual maximum flood peaks for St John’s 448 

Beck gauging station 1935-2016 using daily mean and 15 min interval recorded flow data. (B) Estimated 449 

discharge, stage height and total rainfall during Storm Desmond.  450 

 451 

 452 

4. Methods  453 

This study analyses geomorphic data collected during two field campaigns at St John’s Beck. The 454 

first survey was completed after the Storm Desmond flood (April-May 2016) to capture the 455 

geomorphic impacts of this event before clean-up operations and reworking of flood sediments 456 

occurred. The second survey was conducted in June 2017 to assess short-term system recovery 457 
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following the flood. All field data were digitised and analysed in a GIS in British National Grid 458 

coordinates. A 5 m resolution digital elevation model (DEM) (Edina Digimap, 2016), pre-flood aerial 459 

imagery, 2009-2011, (from Bluesky International Limited, resolution 0.25 m) and post-flood event, 460 

May 2016, (from the Environment Agency, resolution 0.2 m) were used for validating field 461 

measurements and to assess valley topographic and local controls of the geomorphic impacts 462 

observed.  463 

 464 

4.1. Geomorphic analysis 465 

4.1.1. Channel geometry and bed material  466 

A Leica Geosystems Real Time Kinetic differential GPS (RTK dGPS) 1200, was used to survey 467 

channel cross section geometry, floodplain geometry and thalweg long profile during the 2016 and 468 

2017 surveys. Cross section sites were chosen along the 8 km river where there was a clear change 469 

in channel geomorphology identified by a walk-over reconnaissance of the catchment in 2016. A 470 

total of 22 sites for cross section surveys were chosen along St John’s Beck. Cross section 1 was 471 

located near the St John’s Beck gauging station (1 km downstream from Thirlmere Reservoir), so all 472 

data collected could be discussed in relation to the flow and rainfall records (Figs. 4b, 4c, and 5). 473 

The last cross section was located near the confluence with the River Greta (7.8 km downstream). 474 

Ten of the cross section sites were located along a 1.3 km length reach where significant riverbank 475 

erosion and overbank flood sediment deposition occurred during Storm Desmond. Survey pegs were 476 

positioned at the endpoints of each cross section in 2016 and used as control points to allow resurvey 477 

in 2017.  Cross section profile RTK dGPS measurements had a mean accuracy of ± 0.02 m and 478 

standard deviation of 0.06 m in the 2016 survey, and a mean accuracy of ± 0.03 m and standard 479 

deviation of 0.03 m in the 2017 survey. Bankfull channel cross-sectional area was calculated at each 480 

cross section and changes in channel bankfull capacity (m2 yr-1) were calculated by differencing the 481 

data collected over the survey periods.  Thalweg long profile was surveyed using the RTK dGPS. 482 

Average profile point spacing was 8 m (mean accuracy of ± 0.02 m and standard deviation of 0.01 m) 483 

in the 2016 survey and 12 m (mean accuracy of ± 0.03 m and standard deviation of ± 0.01 m) in the 484 

2017 survey.  485 

 486 
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Channel surface bed material was measured at each cross section following the pebble count 487 

method for grain size distribution (GSD) in the 2016 and 2017 field campaigns. The b-axis of 100 488 

particles were randomly measured (particle under tip of the toe method; Wolman, 1954) along the 489 

width of each cross section. The median diameter grain size (D50) and the 90th percentile (D90) were 490 

calculated and used to understand system response and sediment transfer following the event.  491 

 492 

 493 

4.1.2. Bedload transport  494 

Bedload sediment transport during Storm Desmond was estimated using the Bedload Assessment 495 

for Gravel-bed Streams (BAGS) software (Pitlick et al., 2009) applying a surface-based bedload 496 

transport equation (Wilcock and Crowe, 2003). The input parameters were: the GSD of the channel 497 

bed surface, cross-sectional data including floodplains, cross section averaged bed elevation slope, 498 

flow discharge in the form of a flow exceedance curve for the event, and Manning’s ‘n’ values for a 499 

clean winding channel (0.04) and short grass floodplains (0.03) estimated from Chow (1959). 500 

Sensitivity to Manning’s ‘n’ values was assessed using Chow (1959) minimum and maximum values 501 

for the channel and floodplains. Morphological change between cross sections was calculated by 502 

subtracting the downstream cross section bedload transport rate from the upstream value to identify 503 

net erosion and deposition reaches.  504 

 505 

Historical bedload sediment transport rates were also estimated using the BAGS model (i) as an 506 

average daily transport rate for the long-term daily discharge record 1935-2015, and (ii) for the top 507 

five discharge events in the long term (15 min interval) flow record. Whilst we assume that the cross-508 

sectional profiles and grain size distribution are the same as the post-Desmond channel, this analysis 509 

allows us to assess the importance of the Storm Desmond event on sediment transport rates in 510 

relation to the longer term system history.   511 

 512 

 513 

 514 

 515 
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4.2. Geomorphic impacts of the Storm Desmond event: sediment budget analysis 516 

A sediment budget framework was used to quantify the geomorphic impacts of the Storm Desmond 517 

event and identify the dominant stores of sediment along St John’s Beck. Sediment budgets focus 518 

on quantifying the erosion, deposition and transfer of sediment through a channel or reach over an 519 

event or time period (Reid and Dunne, 1996; Brewer and Passmore, 2002; Fuller et al., 2003). 520 

Sediment budgets represent the conservation of mass and can be summarised as (Slaymaker, 521 

2003):   522 

 523 

�� =	 �� +	∆	�	            (1) 524 

 525 

where �� is the sediment output (yield) of the reach, �� is input of sediment from dynamic sediment 526 

sources, and 	� is sediment stored on floodplains, channels etc. This framework is useful to 527 

understand local sediment continuity in response to a particular event and indicate whether a system 528 

is balanced (Reid and Dunne, 2003).  The main geomorphic depositional (	�)	and erosional (��) 529 

features identified after Storm Desmond along St John’s Beck were: floodplain sediment deposits, 530 

in-channel bars, floodplain scour, channel bed scour and riverbank erosion (Fig. 3). Floodplain scour 531 

is differentiated from bank erosion as it is associated with the stripping of the floodplain surface 532 

(vegetation) and removal of large blocks of sediment (Nanson, 1986); whereas bank erosion is 533 

defined as the removal of sediment from the bank by hydraulic action or through mass failure 534 

(Odgaard, 1987; Knighton, 1998).  The volume and sediment size distribution of erosional and 535 

depositional components were measured using the RTK dGPS, and pebble count technique 536 

(Wolman, 1954) and their spatial extent was validated using the pre- and post-event aerial 537 

photographs. Channel bed scour was active during the event, however, it was not directly measured 538 

as no cross sections were monumented prior to Storm Desmond. During flood events some reaches 539 

can experience scour whilst other reaches aggrade (Reid and Dunne, 1996). The location of channel 540 

bed scour was assumed to occur where riverbank erosion or floodplain scour was observed after 541 

Storm Desmond; this was quantified using the post-event air photo and field data in GIS. The depth 542 
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of channel bed scour was estimated according to Carling’s (1987) scour-depth relation for gravel 543 

bed rivers:  544 

 545 

�� 	= 0.043�
�.��          (2) 546 

 547 

where �� is depth of scour (m) and Q is the event peak discharge (m3 s-1).  548 

 549 

Volumes of sediment eroded and deposited for each geomorphic component were converted to 550 

sediment mass using local values of coarse sediment bulk density of 1860 ± 17 kg m3 derived from 551 

the mean bulk density of 30 measured samples from the channel bed and floodplain sediment 552 

deposits.  553 

 554 

Sediment input and output of St John’s Beck during the event was estimated by converting the BAGS 555 

estimated event bedload sediment transport rates into (cross section 1, 1 km downstream) and out 556 

of St John’s Beck (cross section 22, 7.8 km downstream) into the event sediment yield.  557 

 558 

Error in sediment budgets represents a combination of survey measurements and calculations, so 559 

standard methods of error analysis are difficult to apply. Often, sediment budget error is calculated 560 

as an unmeasured residual by subtracting the erosion and deposition components (Kondolf and 561 

Matthews, 1991; Reid and Dunne, 2003). As a result, sediment budgets may balance only because 562 

errors are hidden in the residual terms (Kondolf and Matthews, 1991). To avoid misrepresentation 563 

of the sediment balance, in this study the standard error was calculated for each measurement 564 

technique for each geomorphic component. The standard errors were summed and then converted 565 

to a percentage before being converted to mass (t) for each component. For example, floodplain 566 

deposit mass error represents a combination of errors from the RTK dGPS, depth of deposit, and 567 

bulk density error measurements.  The standard error from these measurements was calculated and 568 

then summed to calculate the total error percentage before being converted to the mass error (t).  569 

 570 

 571 
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4.3. Factors controlling geomorphic change 572 

4.3.1. Lateral channel confinement ratio 573 

Channel confinement describes the extent to which topography, such as hillslopes, river terraces 574 

and artificial structures, limit the lateral mobility of a river channel (Nagel et al., 2014). Lateral channel 575 

confinement ratio (C) was calculated as:  576 

 577 

� =
��

��
               (3) 578 

  579 

where wf is the floodplain width and wc is the active channel width.  Floodplain width (pre- and post-580 

Storm Desmond) is defined as the horizontal distance from the top of the channel bank to the base 581 

of the hillslope (Gellis et al., 2017); this is determined using the 2009-2011 and 2016 aerial 582 

photographs, the 5 m resolution DEM and the 2016 field data.  The active channel width was 583 

measured (1) prior to Storm Desmond using the 2009-2011 aerial photographs, and (2) after Storm 584 

Desmond using the RTK dGPS channel cross section measurements and May 2016 aerial 585 

photographs. Channel and floodplain width were measured at the 22 cross section sites.  586 

  587 

Hall et al. (2007) documented that confined channels have a confinement ratio of ≤3.8 and 588 

unconfined channels a ratio of >3.8. Channel confinement can influence the potential for sediment 589 

erosion and deposition; for example, Thompson and Croke (2013) found that in a high magnitude 590 

flood event in the Lockyer Valley, Australia, erosion was concentrated in the confined reaches, and 591 

deposition was concentrated in unconfined reaches with floodplains acting as a major store of 592 

sediment. Such behaviour may be affected by the presence of structures such as levees or roads, 593 

which are present along St John’s Beck. Three types of confinement were identified along St John’s 594 

Beck: (1) natural confinement, defined as the channel confinement by the natural valley bottom 595 

topography; (2) artificial confinement, where reaches of the channel have been modified through 596 

reinforced riverbanks, the presence of walls, levees, or road embankments that prevent the channel 597 

from migrating laterally; and (3) the post-Storm Desmond confinement taking into consideration the 598 

active channel width following the extreme event.  599 
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4.3.2. Stream power and shear stress  600 

At the reach scale average shear stress, Eq. (4) (Du Boys, 1879), critical shear stress, Eq. (5) 601 

(Gordon et al., 1992), unit stream power, Eq. (6) (Bagnold, 1966) and critical unit stream power Eq. 602 

(7)  (Bagnold, 1966; Williams, 1983; Petit et al., 2005)  were calculated for the Storm Desmond flood 603 

to understand the potential magnitude of sediment transport rates and geomorphic impacts observed 604 

during the event using the one-dimensional uniform flow approximations: 605 

 606 

� = 	���	           (4) 607 

 608 

�� = 0.97��                        (5) 609 

 610 

 =	
!"#�

$
           (6) 611 

 612 

 �		 = 0.079��
%.&

            (7) 613 

 614 

where � is the reach averaged shear stress (N m-2), � is the density of water (kg m-3), g is the 615 

acceleration of gravity (m s-2), S is channel bed slope (m m-1) and d is the maximum water depth 616 

during the event (m). �� is the critical shear stress (N m-2) and �� is the grain size (mm). Here we use 617 

the channel D50 and D90.   is the unit stream power (W m-2), Q corresponds to the peak discharge 618 

(m3 s-1) during Storm Desmond and '	(m) is the bankfull width during the flood.  � is the critical unit 619 

stream power (W m-2) for particle motion based on Williams' (1983) relation for gravel transport in 620 

rivers with grain sizes between 10-1500 mm. Calculations were applied at the cross section locations 621 

and the critical shear stress (� > 	 ��) and critical stream power ( >	 �) entrainment thresholds 622 

estimated to understand the potential for sediment mobility during the event. Shear stress and 623 

stream power calculations were also calculated using the June 2017 survey data (bankfull cross 624 

section profiles, grain size data, and mean daily discharge (0.085 m3 s-1) to quantify variation in shear 625 

stress and stream power during non-overbank flows.  626 

 627 
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5. Results 628 

5.1. Geomorphic response to the Storm Desmond event 629 

Storm Desmond flood impacts along St John’s Beck were concentrated in the channel and on the 630 

surrounding floodplains. The spatial distributions of both erosional and depositional impacts of Storm 631 

Desmond are shown in Fig. 6a. Generally, erosion and deposition impacts were observed in spatially 632 

similar locations, for example, where bank erosion or scour occurred overbank deposition was 633 

observed.  Significant erosion and deposition impacts were observed 1.7–3.6 km downstream of 634 

Thirlmere Reservoir (Fig. 6b). Geomorphic impacts were less pronounced 3.6-8 km downstream of 635 

Thirlmere Reservoir; impacts here were often concentrated locally at meander bends (e.g., as seen 636 

at 5.2 km downstream from Thirlmere Reservoir, cross section 18).  Figure 6b shows a detailed map 637 

of the reach where significant geomorphic impacts (1.7–3.6 km downstream) were observed after 638 

Storm Desmond. Overbank floodplain deposits and channel bars measured 2.1–2.5 km downstream 639 

(between cross sections 7 to 10) occur where the channel is laterally unconfined. The channel in this 640 

reach (2.1-2.5 km downstream) was identified as aggradational (low channel capacity, channel bed 641 

nearly level with banks) in a reconnaissance survey (approach after Thorne, 1998) of the site prior 642 

to the flood. Bank erosion and scour was concentrated on the artificially-confined reach 2.5-3 km 643 

downstream (cross sections 10 to 13). Local lateral riverbank recession exceeded 12 m and caused 644 

the destruction of flood protection levees 2.7 km downstream of Thirlmere Reservoir (see cross 645 

section 11 Fig. 6b). Material eroded at cross section 11 was subsequently deposited on the 646 

floodplains downstream.  647 

 648 

The dominant geomorphic features surveyed after the event were overbank floodplain sediment 649 

deposits. Floodplain sediment deposits located 1.8 km downstream (near cross section 5) were 650 

sourced from a tributary and not from St John’s Beck. The tributary sediment did not enter St John’s 651 

Beck due to a wall and sediment trapping structure, therefore, the mass of sediment measured here 652 

(300 t) is excluded from the sediment budget analysis.  A total of 105 floodplain deposits were 653 

identified from St John’s Beck, equating to a sediment mass of 4700 ± 300 t. Flood sediment 654 

deposits were generally composed of a single layer of sediment with a mean deposit depth 0.09 m 655 

± a standard deviation of 0.07 m; the maximum flood deposit depth measured was 0.3 m located 656 
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2.7 km downstream of Thirlmere Reservoir. The mean grain size of sediment deposit D50 was 32 mm 657 

and D90 was 90 mm.  The 10 largest clasts from the deposits had a mean grain size of 147 mm ± a 658 

standard deviation of 12.5 mm. Flood deposit grain size decreased with distance from the channel. 659 

The farthest flood deposit from the channel bank (70 m distance) had a D50 of 22 mm and D90 of 660 

63 mm.  The proximal flood deposits (2 m distance from the channel) had a mean D50 of 39 mm ± a 661 

17 mm standard deviation and D90 of 111 mm ± a standard deviation of 35 mm.  662 

 663 

Table 2 shows the variation in grain size between the flood sediment deposits and the channel bed 664 

sediments. Channel bed sediment D50 is greater than the floodplain sediment deposits, however, 665 

this pattern is reversed for sediment D90. Floodplain sediment deposits are composed of material 666 

from the channel bed and from eroded features (such as artificial levees and stone walls), which 667 

generally have coarser grain sizes that could account for this variation.  668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

Table 2 Grain size (mm) of floodplain deposits and channel bed sediments in the May 2016 and June 2017 677 

survey. 678 

 679 

 680 

 681 

 682 

 683 

 684 

 685 

  
Floodplain 

Sediment Deposits  

Channel Bed 

Sediments 

(2016 Survey) 

Channel Bed 

Sediments 

(2017 Survey) 

 

d50  

Max  64 77 90 

Mean 32 49 53 

SD 13 14 18     
 

 

d90 

Max  181 90 294 

Mean  90 53 122 

SD 37 17 35 



25 

 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 

 698 

 699 

 700 

 701 

 702 

 703 

 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

F
ig

. 
6

. 
G

e
o
m

o
rp

h
ic

 i
m

p
a
c
ts

 o
f 

th
e
 S

to
rm

 D
e
s
m

o
n
d
 f

lo
o
d
 e

v
e
n
t 

a
lo

n
g

 S
t 
J
o
h
n

’s
 B

e
c
k
, 
fl
o
w

 d
ir
e
c
ti
o
n
 N

o
rt

h
. 
(A

) 
L
o
c
a
ti
o
n
 o

f 
e
ro

s
io

n
 a

n
d
 

d
e
p
o
s
it
io

n
 i
m

p
a
c
ts

 a
lo

n
g
 S

t 
J
o
h
n
’s

 B
e
c
k
. 
(B

) 
D

e
ta

ile
d
 g

e
o
m

o
rp

h
ic

 m
a
p
 s

h
o
w

in
g
 a

n
 e

x
a
m

p
le

 r
e
a
c
h
 (

1
.7

-3
.6

 k
m

 d
o
w

n
s
tr

e
a
m

 o
f 
T

h
ir
lm

e
re

 

R
e
s
e
rv

o
ir
) 

w
it
h
 e

ro
s
io

n
 a

n
d

 d
e
p

o
s
it
io

n
 i
m

p
a
c
ts

. 
 

 

(B
) 

A
 

L
o

w
 B

ri
d

g
e

 

E
n

d
 F

a
rm

 

L
o

w
 B

ri
d

g
e

 

E
n

d
 F

a
rm

 

A
c
c
e
s
s
 

b
ri

d
g

e
 

B
 

T
ri

b
u

ta
ry

 f
lo

o
d

 

d
e

p
o
s
it
s
 (

e
x
c
lu

d
e
d

 

fr
o

m
 s

e
d
im

e
n

t 
b
u

d
g

e
t)
 



26 

 

Riverbank erosion and floodplain scour were the main processes accounting for a loss of sediment 714 

during Storm Desmond. Based on the field data collected, 2300 ± 270 t of sediment was eroded from 715 

the riverbanks. Floodplain scour contributed to the removal of 1300 ± 50 t of sediment during the 716 

event, 40% of sediment removed through scour was over the reach (2.2-3.6 km downstream) where 717 

significant sediment deposition was observed. Local scour of 350 ± 13 t undermined and destroyed 718 

the access bridge to Low Bridge End Farm (see cross-section 10, 2.5 km downstream of Thirlmere 719 

Reservoir, Fig. 6).  The depth of channel bed scour was estimated at 0.13 m according to Carling’s 720 

(1987) scour depth equation, and this equated to a mass of 2900 ± 470 t.  721 

 722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 

Fig. 7. Total mass (t) of sediment eroded and deposited along St John’s Beck during Storm Desmond, 732 

plotted alongside the natural floodplain width and riverbed longitudinal profile.  733 

 734 

Figure 7 displays the total mass of sediment eroded and deposited along St John’s Beck during 735 

Storm Desmond. The greatest mass of sediment eroded and deposited occurs from 1.7 to 3.6 km 736 

downstream where the floodplain width increases from 7 to 450 m and channel slope steepens from 737 

0.001 (0 to 1.7 km downstream) to 0.005 (1.7 to 3.6 km downstream).  Erosion features were often 738 

balanced by sediment deposition nearby. For example, the largest mass of sediment deposited on 739 

floodplains (1340 t) correlates with the area of greatest erosion (980 t) 2.9 km downstream of 740 

Thirlmere Reservoir, where a levee was destroyed and the riverbank receded by 12 m resulting in 741 
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sediment deposition over an area of 3470 m2. Erosion and deposition impacts are less pronounced 742 

5.2-7.8 km downstream, where the mean floodplain valley width is 77 m ± a standard deviation of 743 

26 m, and the mean channel slope is 0.003. Erosion and deposition impacts at 5.2-7.8 km 744 

downstream were mainly concentrated on meander bends. Floodplain scour (Fig. 3c) and sediment 745 

deposition was observed on the inside of a meander bend 5.2 km downstream where overbank flows 746 

were permitted during Storm Desmond. Local bank erosion and overbank sediment deposition was 747 

observed on bends 6.8 and 7.3 km downstream. 748 

 749 

Tree debris were observed surrounding St John’s Beck following Storm Desmond. Tree debris did 750 

not cause a blockage around the access bridge to Low Bridge End Farm. However, tree debris were 751 

observed in the channel near cross section 10 (2.5 km downstream) (see Fig. 3b). The limited 752 

occurrence of woody debris in the channel inhibits the formation of log jams and only has local 753 

impacts on sedimentation. 754 

 755 

5.2. Estimates of bedload sediment transport rate  756 

The mean event bedload sediment transport rate for the 22 cross sections was 160 t ± a standard 757 

error of 60 t. Sediment transport rates fluctuate downstream with clear reaches of low and high 758 

sediment transfer (Fig. 8a).  For example, 1.5-2 km downstream of Thirlmere Reservoir high 759 

sediment transport rates during the event (range = 220-500 t) are estimated; these are attributed to 760 

a local increase in channel slope. The maximum estimated transport rate during the event was 1200 t 761 

at 2.5 km downstream of Thirlmere Reservoir where the channel widens and local slope increases 762 

(slope 0.01) downstream of a ford, near the access bridge to Low Bridge End Farm that was 763 

destroyed during the event (Fig. 3f). The sediment input into St John’s Beck during the event is 764 

estimated at 7 t (1 km downstream of Thirlmere Reservoir, cross section 1) and the sediment output 765 

(7.8 km downstream of Thirlmere reservoir, cross section 22), during the event is estimated as 370 t.  766 

 767 

Zones of erosion and deposition along St John’s Beck have been identified by differencing sediment 768 

transport rates between the surveyed cross sections (Fig. 8b). A total of 10 deposition and 11 erosion 769 

zones are defined. The zone of greatest erosion and deposition is located from 1.8 to 4 km 770 
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downstream from Thirlmere Reservoir (Fig. 8b), which corresponds closely with field measurements 771 

of erosion and deposition during the event (Fig. 6). 772 

 773 

The mean daily bedload sediment transport rate (calculated as the mean transport rate from the 22 774 

cross sections using the 1935–2015 discharge record), is 0.05 t day-1 with a standard deviation of 775 

0.09 t  day-1.  The estimated annual bedload sediment input is estimated at 0.5 t yr-1 (at cross section 776 

1) and the bedload sediment yield (at cross section 22) is 38 t yr-1 for St John’s Beck long term 777 

discharge record.  The bedload sediment output during Storm Desmond (370 t) exceeds the annual 778 

value by a factor of 9. Table 3 displays the bedload sediment transport estimates for the top five 779 

discharge events in the St John’s Beck 15 min interval flow record. The Storm Desmond event 780 

produced the highest bedload sediment transport rates in the flow record, nearly double the second 781 

highest flood event in 2009. 782 

 783 

 784 
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Fig. 8. Bedload sediment transport estimates along St John’s Beck during Storm Desmond. (A) Storm 799 

Desmond event bedload sediment transport rates. Error bars plotted represent sensitivity to the maximum and 800 

minimum Manning’s ‘n’ values. (B) Zones of sediment erosion and deposition downstream, calculated as the 801 

difference between sediment transport rates between cross section survey locations.  802 

 803 

 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

Table 3 Bedload sediment transport estimates for the top five discharge events from the 15 min interval flow 815 

series data for St John’s Beck. The event bedload transport rates are calculated as the mean transport rate 816 

from the 22 cross sections, and the event sediment yield is calculated at cross section 22.  817 

 818 

 819 

 820 

5.3. Controlling factors that influenced geomorphic change across the reach  821 

5.3.1. Channel Confinement Index  822 

St John’s Beck displays different degrees of lateral confinement downstream (Fig. 9).  The natural 823 

channel confinement pattern shows that the channel becomes gradually unconfined downstream 824 

(Fig. 9). For example, in the upstream reach (0 to 1.8 km downstream of Thirlmere Reservoir) the 825 

channel is topographically confined (confinement ratios range from 0.1 to 0.6) and from 4.4 to 8 km 826 

downstream the channel is topographically unconfined (confinement ratios range from 5 to 65). The 827 

   
Event Bedload Sediment Transport Rate (t) 

Date of Event  Estimated 
Event Peak 
Discharge 

(m3 s-1) 

Event 
Rainfall 

Total 
(mm) 

 
Mean 

 
Std. Dev. 

 
Max 

Event 
Sediment 

Yield  

4/12/2015 - 
6/12/2015 

75.4 405.0 157 283 1229 370 

17/12/2009 - 
20/11/2009 

59.8 400.0 91 166 700 210 

7/01/2005 - 
8/01/2005 

47.7 180.0 30 55 188 70 

31/01/1995 - 
01/02/1995  

39.0 - 25 45 151 54 

21/12/1985 - 
22/12/1985 

36.6 - 21 41 142 32 
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channel has been artificially confined from 1.8 to 4.4 km downstream by flood protection levees, 828 

reinforced banks and walls that restrict lateral channel movement. The mean natural floodplain width 829 

has been reduced by 90% due to the presence of artificial structures along the artificially confined 830 

reach 1.8 to 4.4 km downstream.  During Storm Desmond, many of the artificially-reinforced banks 831 

and flood protection levees were scoured or eroded increasing the active channel width and allowing 832 

channel-floodplain interactions (Fig. 9).  After Storm Desmond the mean confinement ratio increased 833 

from 0.95 to 17 along the artificially confined reach (1.8 to 4.4 km downstream), indicating the system 834 

reverted to a natural floodplain-channel width relationship (Fig. 9).  835 

 836 

 837 

 838 

 839 

 840 

 841 

 842 

 843 

 844 

 845 

 846 

 847 

Fig. 9 Natural, artificial and post Storm Desmond lateral channel confinement ratios along St John’s Beck. 848 

Hollow circles indicate the natural system if the channel was not artificially confined. The dashed box 849 

indicates the area where significant sediment erosion and deposition was observed during Storm Desmond. 850 

Continuous line indicates the confined and unconfined threshold.  851 

 852 

5.3.2. Shear stress and stream power 853 

Shear stress and stream power are used to understand the energy expenditure for erosion and 854 

sediment entrainment during the event (Fig. 10). The shear stress values estimated for Storm 855 

Desmond are shown in Fig. 10a. The shear stress values estimated should be regarded as minimum 856 
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values because they assume shear stress is the same on the channel and floodplain and the 857 

equations assume steady uniform flow, which was unlikely during the event. The mean shear stress 858 

value is 149 N m2 with a standard deviation of 78 N m2. The peak shear stress value (426 N m2) was 859 

estimated 2.7 km downstream of Thirlmere Reservoir; near where the access bridge was destroyed 860 

and mass overbank coarse sediment deposition occurred. The minimum shear stress values are 861 

estimated 1.1 to 1.3 km downstream (30-60 N m2) where local slope is 0.001. The mean shear stress 862 

value exceeded the mean critical entrainment thresholds for particle D50 (48 ± a standard deviation 863 

of 14 N m2) and D90 (124 ± a standard deviation of 30 N m2) (Fig. 10a), suggesting full mobility of the 864 

GSD during the event. The mean shear stress value estimated using the 2017 survey data (62 N m2 865 

with a standard deviation of 40 N m2) does not exceed the threshold for mean particle D90 (114 N m2) 866 

entrainment and only exceeds 60% of the cross section particle D50 entrainment threshold during 867 

bankfull flow conditions.  868 

 869 

The unit stream power values estimated along St John’s Beck using the peak Storm Desmond 870 

discharge value range from 25 to 354 W m-2, with a mean of 230 W m-2 and a standard deviation of 871 

132 W m-2 (Fig. 10b).  The values are within the range of stream power values documented for those 872 

causing erosion during flood events and sediment transport (Baker and Costa, 1987; Magilligan, 873 

1992; Fuller, 2008; Marchi et al., 2016). A value of 300 W m-2 is commonly referred to as a threshold 874 

for producing floodplain erosion (Baker and Costa, 1987; Magilligan, 1992; Fuller, 2008).  Significant 875 

erosion and scour was observed 2.5 km downstream where an access bridge was destroyed and 876 

where stream power was estimated at 420 W m-2. The mean unit stream power estimate (230 W m-2) 877 

exceeds the critical unit stream power value for particle D50 (13 W m-2) and D90 (54 W m-2) 878 

entrainment, suggesting mobilisation of the coarsest grains. The mean unit stream power, estimated 879 

using the 2017 data and mean daily discharge, is 0.26 W m-2 ± a standard deviation of 0.12 W m-2; 880 

this value does not exceed the critical stream power threshold for channel bed particle D50 and D90 881 

entrainment. 882 

  883 
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 899 

 900 

 901 

 902 

 903 

 904 

Fig. 10. Variations in reach averaged shear stress (A) and stream power (B) estimated at the cross section 905 

sites for Storm Desmond along St John’s Beck.  906 
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 910 
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 920 
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 925 

 926 
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 928 

 929 

 930 

 931 

 932 

 933 

 934 

 935 

Fig. 11. Changes in St John’s Beck channel long profile, bankfull capacity and grain size between the 2016 936 

and 2017 surveys. (A) Change in bed elevation (long profile), labelled with cross section and first order tributary 937 
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locations. (B) Change in channel bankfull cross section area. (C) Percentage change in channel bed D50 and 938 

D90 grain size. 939 

 940 

5.4. System resurvey in 2017 941 

Resurveys of St John’s Beck longitudinal profile, cross section profiles and grain size in 2017 provide 942 

an indication of how the system is recovering 1.5 yr after the extreme flood event (Fig. 11). There 943 

were no significant changes in the mean channel bed slope between the 2016 and 2017 survey, 944 

however, there were local changes where there is an increase or decrease in bed elevation height 945 

(Fig. 11a).  Local changes in channel bed elevation result in changes in bankfull channel capacity 946 

(Fig. 11b). For example, at a distance of 1 to 2.4 km from Thirlmere Reservoir there is a general 947 

increase in bed elevation suggesting the deposition of sediment; a pattern further evidenced by a 948 

decrease in channel capacity. Overall a decrease in bankfull channel cross-sectional area was 949 

observed (at 15 cross sections) 1.5 yr after Storm Desmond.  Thirteen of these cross-sections are 950 

located 1 to 2.7 km downstream from Thirlmere Reservoir (Fig. 11b).  The largest change and 951 

reduction in channel capacity (2.7 km downstream of Thirlmere Reservoir, cross section 11) was 952 

32.8 ± 0.03 m2 caused by the rebuilding of flood protection levees that reduced channel width to its 953 

pre-Storm Desmond size.  A total of seven cross-sections displayed either no change or an increase 954 

in cross-sectional area and channel capacity. Cross-section 9, 2.4 km downstream from Thirlmere 955 

Reservoir, shows an increase in channel capacity associated with anthropogenic removal of 956 

sediment from the channel bed after the flood event.  The percentage change in grain size between 957 

the 2016 and 2017 surveys illustrates a general coarsening of bed D50 and fining of D90 downstream 958 

post Storm Desmond (Fig. 11c).   959 

 960 

6. Discussion  961 

6.1. Geomorphic impacts of the extreme flood event along the upland sediment cascade  962 

The 2015 Storm Desmond event constitutes the largest recorded event in the available long term 963 

flow and rainfall records for the St John’s Beck catchment (Fig. 5). The results presented here 964 

illustrate the geomorphic work of the flood in terms of sediment erosion and storage along the upper 965 

floodplain transfer zone of the USC. The main impacts were associated with erosion of river channel 966 
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banks and floodplain scour allied with extensive sediment deposition on the floodplains. The 967 

summary sediment budget (Fig. 12) shows erosion (6500 ± 710 t) was generally balanced by 968 

deposition (6300 ± 570 t) along the upper floodplain zone. Less than 6% of the total sediment eroded 969 

during the event was transferred out of the reach. Hence, the upper floodplain zone acted as a 970 

significant sink for locally-eroded sediment during the extreme event.  971 

 972 

 973 

 974 

 975 

 976 

 977 

 978 

 979 

 980 

 981 

 982 

 983 

 984 

 985 

 986 

 987 

Fig. 12. Storm Desmond (2015) upper floodplain valley system (transfer zone) mass sediment budget (t) for 988 

St John’s Beck (effective catchment area 12 km2). 989 

 990 

 991 

The geomorphic impacts of Storm Desmond were influenced by the physical characteristics of the 992 

upper floodplain transfer zone. Unlike steep headwater catchments dominated by slope-channel 993 

linkages and hillslope processes (Harvey, 2001), geomorphic impacts of the event along St John’s 994 

Beck were controlled by floodplain-channel interactions. Tributaries were only a minor source of 995 
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sediment as these were disconnected from the channel by sediment trapping structures and 996 

therefore are not reported in the sediment budget in Fig. 12. Sediment was sourced from transient 997 

stores, i.e., channel bars) and through erosion of the channel bed and banks and stored in channel 998 

bars and on the surrounding floodplains (Fig. 6).  999 

 1000 

Valley confinement (natural and artificial) controlled the spatial positioning of erosional and 1001 

depositional storm impacts along St John’s Beck (Fig. 9). In the upstream reaches (0 to 1.8 km 1002 

downstream) the channel was confined by the natural valley topography and geomorphic impacts 1003 

were comprised of local erosion or sediment bar deposition. Where the natural floodplain valley width 1004 

increases from 3 to 160 m (1.8 km downstream) and there is an associated decrease in channel 1005 

slope, rapid floodplain sediment deposition occurred (Fig. 7).  In contrast, artificially confined reaches 1006 

(2.7 to 3.6 km downstream) were associated with bank erosion or scour due to local increases in 1007 

channel bed slope.  Major riverbank erosion was observed along an artificially confined reach 2.7 km 1008 

downstream of Thirlmere Reservoir; here riverbanks were eroded until the channel became 1009 

unconfined (Fig. 9) with extensive floodplain sedimentation.  Similar effects have been observed by 1010 

Magilligan (1985), Nanson (1986), Butler and Malanson (1993), Lecce (1997), Fuller (2007, 2008), 1011 

who all identified a concentration of erosion on constricted reaches. The transition between confined 1012 

and unconfined reaches therefore plays an important role in controlling the spatial pattern of erosion 1013 

and deposition impacts of these events.  1014 

 1015 

6.3. Sediment continuity through the upland sediment cascade 1016 

The sediment continuity concept focuses on the principle of mass conservation of sediment within a 1017 

system (Slaymaker, 2003; Hinderer, 2012). The USC sediment continuity has been described as a 1018 

‘jerky conveyor belt’, where sediment can spend a longer time in storage than in transfer (Ferguson, 1019 

1981; Walling, 1983; Newson, 1997; Otto et al., 2009). This study has highlighted that sediment 1020 

continuity is disrupted or ‘discontinuous’ at the event scale due to storage. Less than 6% of sediment 1021 

eroded during Storm Desmond was transported out of St John’s Beck (Fig. 12). Elsewhere, sediment 1022 

budget studies have shown similar inefficiencies in sediment transfer, often referring to this as the 1023 

‘sediment delivery problem’ (Trimble, 1983; Walling, 1983; Phillips, 1991; McLean et al., 1999; Fryirs, 1024 
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2013). For example, in the Coon Creek Basin, USA, less than 7% of sediment left the basin between  1025 

1853 and 1977 (Trimble, 1983). In the River Coquet, UK, annual sediment budget within-reach 1026 

sediment transfer was identified but there was minimal net export of sediment downstream (Fuller et 1027 

al., 2002). In three UK upland catchments, Warburton (2010) demonstrated sediment transfer is 1028 

inefficient in the production zone by comparing sediment budgets on an annual, landslide event and 1029 

flood event timescale.  Despite variations in catchment area and the timescale of enquiry, these 1030 

examples demonstrate there is attenuation of sediment downstream due to sediment storage. This 1031 

study highlights the importance of the floodplain as a major store of sediment at the event scale 1032 

causing sediment attenuation at the channel outlet.  1033 

 1034 

The Storm Desmond event sediment yields were higher than estimated sediment yields for previous 1035 

flood events along St John’s Beck (Table 3), indicating the event was significant in generating and 1036 

transporting large quantities of sediment downstream. The estimated mean shear stress and unit 1037 

stream power values for Storm Desmond exceeded the thresholds for particle entrainment, 1038 

suggesting sediment on the channel bed was mobilised and transported during the event (Fig. 10). 1039 

Despite this, the event sediment yield is lower than the total quantity of sediment eroded. Sediment 1040 

transfer during extreme events, where overbank flows are produced, is reduced on the floodplains 1041 

(because of variations in roughness, slope, local topography) compared to the channel, resulting in 1042 

sediment deposition (Trimble, 1983; Moore and Newson, 1986). Consequently, sediment continuity 1043 

through the upper floodplain transfer zone during extreme events will ultimately be controlled by the 1044 

conveyance of sediment across floodplains, and the propensity for sediment deposition during 1045 

overbank flows.  Future flood events may promote exchanges in sediment stores and movement of 1046 

sediment  downstream in pulses or waves, thereby influencing sediment yield (Nicholas et al., 1995). 1047 

However, if a future similar magnitude event were to occur along St John’s Beck, it is likely that the 1048 

reach sediment output would again be lower than the total sediment eroded along the river corridor 1049 

due to deposition on the floodplains.  1050 

 1051 

Previous studies have described the potential linkages between sources and stores of sediment in 1052 

terms of connectivity or disconnectivity (Hooke, 2003; Fryirs, 2013; Bracken et al., 2015). However, 1053 
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few of these studies have quantified the mass exchange of sediment between different landscape 1054 

units during flood events (Thompson et al., 2016) and assessed their impact on sediment yield. This 1055 

study is among the first to effectively quantify sediment attenuation in the upper floodplain zone of 1056 

the USC during an extreme event. 1057 

 1058 

6.3. System recovery 1059 

Fluvial systems can take decades (Wolman and Gerson, 1978; Sloan et al., 2001) to millennia 1060 

(Lancaster and Casebeer, 2007) to recover from extreme events, with some systems never fully 1061 

recovering to the pre-flood condition. The channel re-survey one year after Storm Desmond showed 1062 

that 70% of cross sections had a reduced channel capacity reflecting sediment aggradation in the 1063 

channel (Fig. 11). A reconnaissance survey prior to Storm Desmond identified distinct reaches of 1064 

sediment aggradation in the system (in particular, 2 to 2.5 km downstream of Thirlmere Reservoir), 1065 

suggesting the river is displaying characteristics similar to the pre-flood system. Long term flow 1066 

regulation and upstream sediment trapping by Thirlmere Reservoir has influenced sediment 1067 

continuity, implying that the sediment regime is already disturbed by the legacy of anthropogenic 1068 

modification (Wohl, 2015). Phillips (1991) states that stores of sediment may develop in fluvial 1069 

systems so the system can maintain sediment yields when sediment from upstream is reduced. The 1070 

critical shear stress and critical stream power entrainment thresholds for channel bed particle D90 1071 

estimated using the 2017 survey data were not exceeded during daily flows after storm Desmond 1072 

indicting coarse sediment immobility. It is likely that the finer material was transported in 2017 and 1073 

deposited downstream in aggradational zones where channel dimensions change (i.e., reduction in 1074 

slope, width and depth), resulting in further aggradation downstream and apparent coarsening in 1075 

reaches where the fine sediment was partially mobilised. Therefore local aggradation observed could 1076 

be a response to long-term system disturbance and transport-limited flows. 1077 

 1078 

The most significant changes observed along St John’s Beck one year after the flood were 1079 

associated with anthropogenic modifications to the system through the rebuilding of flood protection 1080 

levees, reinforced river banks and removal of sediment from the channel bed and floodplains (2 to 1081 

4 km downstream); these modifications took place after the 2016 field campaign. Distal floodplain 1082 
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deposits were located 70 m from the channel and therefore can only be remobilised during overbank 1083 

flows with similar peak discharges where the critical entrainment thresholds are exceeded. 1084 

Consequently, system recovery and sediment transfer depends on the conveyance capacity of the 1085 

valley floodplains in addition to the stream channel capacity (Trimble, 2010). If sediment was not 1086 

anthropogenically removed from the floodplains, it would have a long residence time in this store 1087 

and only be remobilised during overbank extreme flows similar to Storm Desmond. Flood levees 1088 

were rebuilt 2.7 km downstream to the pre-flood position, it is likely that if these levees were not 1089 

restored the river would permanently occupy the post-Storm Desmond position; a natural ‘re-wilding’ 1090 

process (Fryirs and Brierley, 2016).  1091 

 1092 

7. Conclusions 1093 

This paper has quantified the geomorphic response of an upper floodplain river system (transfer 1094 

zone) to an extreme high magnitude flood event: Storm Desmond, 2015. The results highlight that 1095 

sediment continuity along upland rivers is complex and to fully understand the response of these 1096 

systems to extreme events, sediment continuity in the context of the upland sediment cascade needs 1097 

to be understood (Fig. 1). Based on our results, the primary conclusions of this work are:  1098 

 1099 

1. Sediment continuity through the upper floodplain transfer zone was highly disrupted during 1100 

Storm Desmond, with less than 6% of the eroded sediment being transported out of the 1101 

system.  1102 

2. Floodplains acted as a major sink of coarse sediment during the flood, storing 72% of the 1103 

eroded sediment, although these floodplains can also be a source of sediment through 1104 

scouring and erosion processes.  1105 

3. Spatial patterns of erosion and deposition were controlled by valley confinement; where the 1106 

channel is naturally unconfined overbank floodplain deposits were prominent, in contrast, in 1107 

artificially-confined reaches, bank erosion and scour were dominant geomorphic impacts.  1108 

4. The event exceeded critical entrainment thresholds for channel bed particle D50 and D90 1109 

transporting sediment that had aggraded in the channel. Critical entrainment thresholds were 1110 

not exceeded during daily flows for all particle sizes along St John’s Beck in the 2017 survey.    1111 
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5. Channel capacity decreased 1.5 yr after the event and channel bed grain size had coarsened 1112 

due to aggradation in the channel.   1113 

 1114 

 1115 

This study has quantified the importance of the upper floodplain zone in regulating sediment output 1116 

during extreme events. The results suggest that rather than envisioning upper floodplain zones as 1117 

effective transfer reaches they are actually major storage zones that capture flood sediments and 1118 

disrupt sediment continuity downstream. The intervening valley floodplain geomorphology 1119 

(confinement, slope) plays a major role in influencing the spatial location of erosion and deposition 1120 

impacts.  1121 

 1122 

 1123 

 1124 
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