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Abstract

Whil e existing research has demonstr aanedd t he
i ncrease sttherreega s stil |l tahaieledctovebestmraani é
realcével pteadchereate fl ood response under bo
climate change conditionsasddimeadwrdgme mtt £ gw ial
using Flood Modell er Pro to evalwuate the infl
fl ow c hacrsacatnedr ifsltoiod dynamics within South Moc

Field measurements coll ected upstream and dow
significant but spatially variabMWaldhangesuiln
indicate that dam type and proximity exert a
t mhadam size, highlighting the i mportancé of s
Vel ocity decreases downstream ac+fo9DD9«lald dl3e ak
m/ s, while discharge reducti @n 9 0rDe mdaiflns s, mal | e

indicating | imitedewdntenauaandiotni amsgd.erTmhesne f i n
inform subsequent model |l i ng ac¥r500s% AaEPr aeenveeen tosf)
under baseline and UKCP18 future climate scen

uncertainty bounds.

A calibrated and validated Flood Modeller Pro
(accusawyand pIe¥, sswmporting its application
reach scale, | eaky dams increase maxi mum fl oo
scale they reduce downstrea&@amnfl dfeldopadatke nt mh yn g
by ~4.8 hours under baseline conditions. Thes
Under future climate scenarios, flood depth a
itner medi ate events (~3.33% AEP) , ~1vwi% ha nnda xeixmuem
by ~18% BY8PO0O6BoOowever, attenuation effects di
magni tude, with flood ¥ amitd pPpedakdtdibdmy sfi alolhii
magni tliod & %( AERNt s, indicating a thrtehold tr a
conveydanmienat ed behaviour as capacity i s excec¢
NFM measures are most effefcoat wree uanadredi tcuoment
hi gheslhe ceofsitt perfor manceen@i.bdgr, edvhienmtearsv dratr ic
increasingly effective under | arger and futur
greatest overall damage reduction but do not

study reemadesmrme dp h acsa t-sccharieentf | ood management appr

reliance on | eakayl odnaemss oalsuta osnt.and
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ll ntroducti on

Fl ooding is the mostl acedmonmatweatlt han saster wit
escal ating socioeconomic anNOARY I RORMenunal 28 &
of the gl obal popul ation is exposed -I13%skbhyni f
2050 (Rentschler et aRFl.qo® 0ld&g n iUINIDRER, h 290 2i5n0c r ¢
|l ast five decades, with annual damages esti ma
202Bepyond direct ecfoln@mondichnd ocaseses water pol |
di sruption, soci etsadv aa ssepst,a cleonsesnto fanldi fien. ( HM (
Climate change, combinedZiwetabhberbani ampl ohyan
ri WK Governmé&ntd, m2025)pinn ptrlmepeUbkhi esi sk of f 1 ¢
number projected (ltiadd rpirsoegetyot 282 Smi I(IEIAQ NNDO 2 1) E a <

Engl pmad,j ections indicate substantial 1increase
extreme r ai(rsfaanldleresweint £2010). South Moor, | oca
catchment in County Durham, has experienced r

events in 2012, TPHWdsde atnrdedst Qunder score the ul

adapti Aei sfki oomadnagement strategies

Nationally, investment in flood defences- i s i
27 flood schemes as part of a wide2036,0.Wwhdrid
every Al invested is estimated to prevent A8

|l ncreasinbhgednapbltuéei ons (NbS) are being adop

resilience; the European Open RivéitsarBeotgdaum
and weir removal to enhance flood management

(WPM025). Natural fl ood marmagerderstol UNKFM)n,i 9 na
measures to protect, restore, and emul ate the
fl ood risk (ConThed liyntertodadct,i @20 200f) .t he nati onze
Management Programme in 2023 marks a signific

into mainsairelmméah@eg®méayver nmdreta,k y2 @zd)s. (LD

represent a widely adopted NFM measur e, desi g
channeli ewvselancd tpromoting tempdiaapauvupseteam. st
However, their effectiveness r enmaa gnnsi tuundcee retvaeir
and future climate conditions (Rubinato et al

This uncertainty reflects a broader eviwkgnce

the need for i mproved understanding of | ocal

N



catchment management (Pitt, 2008) . I n South M
increasingly focuse(d manllUN@)VMn talprpod w@alt hteltse Su DS+
one of 25 pilot projects across England funde
|l nnovati on (FrCR( rBdEmmeA,). 2DRRdr ef ore, this study

abyl blBt o attenuate flooding under current and
Sout h Moor Iccaotncthrmebnutt.es t o nati onal Zdeafsfeodr t s t C
fl &doids k management and supports the wider obj e

understanding of how NFM measures perform und

2 Literature review
2.1 Flooding
2.1.1 Fluvial flooding

The | PCC conceptualises floods as the 6overfl
other body of water or the accumulation of wa
(IPCC, I2Zn01th)e. UK, fl ooding is categorised as f
(EA, 2025), alongside anthropogeniresepbuocesf a
(HM Gover nmeéntt hoaigh5)ften treated as discreet
frequently interact. Evidence from urban fl oo
flooding occur simultaneously or consecuti vel
(Sertgkki PR1) . Fluvial flooding oaanumred when

capacity and water spills onto adjacent banks
Rainfahodff relationships are often conceptual
and unit hydrographs (Guang et al ., 2023)
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Fi guflennlot ated model hydr ogr alphhe froirsian ggilviemb fs hooowds erveemaf f f ol
peak di ssbkbaeregehannel capac.i tlyagnatyi me reexfcleeeadtesd cat chment cont
shows flow recession and basef | ow Kmdigrttainns 1®i9s8char ge

Hydrograph form varies between catchments: st
indicate fl ashy syshtyedmso,grwpihlse tatgtreermau®tredt or a

al ., ROwR&SYer, subbvmebbedscritici-lsiede dro,r o ocendpul
catchment behaviour to overly simplified rela
Fl ood ressponselil ed by interactimgudlacd 3 sandadc

useKundzewi cz and APitdesckewdaernt 2we2tlnfess can ampl i
reducing infiltration capacity, but dry or co
flow, particularly in small catchmenRlsoowndiitnhg s
shoul dotdebefunder st ood as tchoanpil retxe g ri antt eed aaccu ti

cat chmsmeapreocesses, with implications for fl ooc

2.1.2 Flood events in the UK

Event Locati |{Key | mpact s Key 1 nsigh
anB8cal (Characte

Summer|Ukwi de |[~415mm r {(>55, 000 Demonstrat
fl oods (Malyul y) ;|propertijof sustain
(2007) prol onge(fl ooded |on widespr

fl ooding (
Storm [Northe|[>300mm in~A1.6 bi|lHighlights
DesmonEngl an{hrs; pealdamages |extreme sh
(2015/ ~1, M9 duration r

hi gh peak

(EA, 2018)




Storm |UK reg|River [ eySevere Il ndi cates
Cl audi 181 normihydrol og/variabil it
(2025) responselextremity
(reportelresponse (
2026)
Storm [North Extr eme 294 prop/ Demonstrat
DesmonEngl anfrapid ruilflooded |regional v
(local|( Wear, to extreme
Tees) (EA, 2016)
Cheslte/Ri ver |Stag3& Om |FIl oodpl ajlShows exce
Street|(l ocal |[(bankfullinundati|lof <channel
fl oodi and | ocal
threshol ds
al ., 2016;
2026)
Stanl e{Twi zel |[Repeated|Road fl o/Highlights
Burn elcatchmjevent s; infrastr{vul nerabi l
(2012,|(l ocal |[runoff r¢disruptifjtributary
2015, school <c¢|land rapid
propagatio
2023; EA,
Tabl-&ulmmary of UK and |l ocal flood events and associated i mpa
Extreme flood events in the UK have significa
i mpacts, with | ocal examples from South Moor



bankfull capacity as watér inundates surr
areas and B). Flooded road, pedestriigjan hp
and accessibility-SulDfager2y02t3gken from co

2.1.3 Climate change

Rising greenhouse gas concentr ahiodnds nigncrapacae
enhancing the intensi (7y% opfére alf r wgiel nPpnGg, & BYPOi 2t1a t
2070, UKawenpeopect3ddo wetter and summers 60%
202®Wi)th winter precipitation particularly rec
antecedent (Bauer aGl2ionkabt)e change has al so incre
extreme events such as Storm De#&mondblbyi ng0%h

n flood frequency and magnitude solely to an

contested. While some studies identify trends
et al., 2021), others emphasibsd itthye arnglk e lad fc hin
controls, suggesting flood records may not «cl
2Q0) . Extreme rainfall events in the UK are |

regi mes rather than ,wi $shniglbetdomBasap&ndi anédas
sensitivity to the (NDorttthe rAitll1d seetie cafl Olghai ir&e a34))i. gonns
wi f h ndti megtst er nal at mospheric variability was ;
rainfall trend810e¢(Gkean 4984l ., 2025).
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Consequently, natwural wvariability may mask or
uncertainty in attributing and projecting fut

2.1. 4 @lriomatceéi ons

Climate projections are used to assess how ch
hydrological regimes (Mourot et al.,se@eaksée). G
processes but their coarse resolstabel bgpegi os
necessitating downscaling, which introduces u
|l ocal conditions (Hannah, 2022; Hadjipetrou,

throughr éas glhetri on si mulations (up to 2.2km),

convectiivnet,enhsiigthy rai nf all (Met Office, 2019).
2



precipitation and extreme rainfall TabFes& nor
hi ghl iegtktesy tshobur cesofof UK@QR 8 t @rnadljt g chteiian.si mpl i c &

ComponetltDescriptiolLimitation /I mplication f
assessment

Bias colApplied to|Assumes clingMay misrepres
systematic|stationaritymagnitude and
errors di stort extnof extreme r &

(Zhang et al

Emi ssi ofUKCP18 use¢{Based on ol ¢May not fully

scenari (RCP2R6P8. 5 |framework cdqcurrentisoki ma

(RCPs) |l PCC AR5 (1SSPs (AR6) (interactions
office, 20Jal ., 2019)

Use of 112 km and Criticised fflUsef ul ftoers tsit
in high|simulationjyoveresti matiworcsdase fl ood

resolutiRCP8. 5 future outcqget al ., 2021)

model s (Hausfat her,

Scenari (Di fferent (Fl ood respornRequires anal

di vergeiltscenariosa [uniform acrd¢multiple retu
di vergence|periods scenarios

out camées gh
return per
often show
sensitivit)y
for diCh@an e

2025)
RepreseilUKCP18 projDoes not capgMay underest.
of extrqused for r{probabilistijuncertainty I
extremes UKCPO0O9 ( ONR,event project
Mo d e |l Based on &lRefl ects | agProjections r
frameworlrather thalmodelling frrused due to h
Shared resolution an
Socioecono appl i chsbinadey
Pat hwayRs) ( capabilities
(Gidden et projections a
refined.
Tabl-ke¥ | i mitations and uncertainties associated with UKCP18

ri sk assessment across different event magnitudes and scenar

2.2 UK Fl ood Management Approach

221Ri vkased approach
FI ood i mpacts are shaped not only by physical
such as exposureFlamddvmadmageamehti t¢gan be conce

T



prevention, protection, mi tigation, preparat.i
Wang et al ., 2022, distinguish between- fl ood
based approaches to cope and recoveirve Thleseed f
management requires integration of Thaszard red
i ncreasinghygy UKparmanto build KHofméwmi 2I102@®n add
pl acing growing-pproenes warre asn (fHIMo4dsdb v eod ment , 20
maagement hsds fted t olwasaeld apprn es&ch
O £ QE@D G Ol @on € iTaioa: Qi dwQa Qo w

EquatiBhodd risk function (Kron, 2002), whereby: hazard is t
given flood event occurring, exposure is the value of asset:
capacitgiefyateorespond to the event. (Koks et e

This framework highlights that flood risk evo
approaches that consider not only hazard redu
vul nerlabitthe yUK, this is operati adrlladocd dMaph rfoo
Pl anning, which delineates Flood Zones based

used for both model wvalidation and spatial pl

2.2.2 Flood control

FI ood management in the UK has traditionally
flood walls, designed using return periods ex
(AEP), where a 1%-AMEPOrepaecsents acdurfromg i n
exampMEM, 2026). However, fixed design standa
cli mat e «c¢ hastgeet,i carsarniotny chall enges their reli:z:
flood risk across multiple retumgl pethoeshalnd
et al .En@i0onid¢ered defences are al so-baarsietdi ci sed
perspective; by i ncreasi ngaccthdanlrdeyls feonwey ampé
downstream flood raakd GEEI bDE§tenh ahly 268@8fhdmic
value urban areas (Azhar et al., 2025). Their
events, where oveummnmcpmitmg@ | d¢f @b |blagrasdeaemo cl ur i ng S
Bert in 2024 A6GF®, r2Gldtagaierdt oiod snhi f4t heg aw
|l ine6 approaches towards mor ebadlpdefvencsdg ad re
controlled inundation, reflecting a broader t
manageh&EaRMHM Government, 2025).



2.3Natur al FI ood Management
Foll owing the 2007 UK fl oods, -ttehrem Pviitab iReivtiye w
flood control measur es arbdsprdomdtread emgd rees d aPti a
designed NFM schemes aim to reduce felnaod ri sk
processes to slow, store and filter water, wh
(SEPA, 2015) . Figure 4 represents the increas
decades
2004-2005 2010-2015
‘Making Space for Water' 2008 EA 'Working with Natural
advocated for a more sustainable Following the 2007 floods, the Processes' report released in
approach to flood risk Pitt review highlighted the 2013. Establishment of
management, involving working importance of natural solutions Catchment Management Groups
with natural processes (DEFRA, (Pitt, 2008) using a catchmentbased
2005) approach (Collins et al., 2020).
2015-2016 2018 2023
Acclerated push for NFM NFM integrated into national EA released a dedicated 'Natural
following winter floods. policy as the UK ‘25 Year Flood Management Programme’
Enhanced focus on improving Environment Plan' commits to subject to annual progress
hydrodynamic flood models. incorporating NFM in strategy. reviews.
Fi gufhe ddi agram to show the i ncr eSdseendt uprrye speoniciec yof NFM
NFM interventions for fluvial systems may be
fl oodpl ain management, woodland management an
NFM Ty How it w Quantified effiOpportunities
Leaky ¢l ncrease c|UK studies-1li0dipgCan i mprove sE€
roughness |flow reductmoodnerfflr et ention and
temporarillevents (van Leeydiversity but
flow, delal2024). Muhaweninhighly variabl
attenuatin2023 estimate tnh! IErF?ll'teg ;0 sm;
hydrograph/{102mdditional WE((JIecI ,| neg ?Jl)u.ri ]
(Addy et ajcan be provided
. events (van Leg
durinwg Aeturn pe2024)
using field dat g
Of fl in¢gDiverts an/7% reduction in |More predictal
storag¢excess flolachieved for a nscale perfor me
from the mAEP of 83% (Lockcontrolled des
channel, r{2022). Environmgféequires signl
downstreamProgr amme :dleBim'eandkmﬁgl,fkonfl'
di scharge |mistorage (EA, zztradZvello@rranﬁt(
ext entFl (oToho 2021) P
Hub, 2023) '




Ri ver S| flowl!ln a 2Z@atkrhment | ncr eas e sf |cohoadrn
restor gan ncrea/Forest, a monitgconnectivity
(re chanhledodp|river restoratigéenhance geomor
meandefi nteractio/reduction in fldstability but
embankidesynchron/33% increase in |QqUuantify benef
removalpe fl ows/50% AEBPent (EA, 2L A ger Celt
20 a_nd l ong 1 mpl €
ti mescal es rec
(Schwendel et
Woodl aftEnhances Ri parian forest |[Can provide s
creati¢(intercepti|lsubatchment scallternmemefits
(creselevapotrans|representditngf2a |carbon sequest
floodplan nfiltlcatchment area gbiodiversity)
riparidr e ing riflow reduction 2025). However
generation/floodplain foregéffectiveness
s | i ng [11015% of tot al cz)a(‘:lr”e%tee?alcop
pat hways can !ead t o r.eduimpact for | a
r o e magni othdeée% (D'Xoperiods N
St ' s|2016) time |lag befo
(F t real sk dy dar s
Co S n reported casesg
2016)
Buffer |l ncreas sifStudies show runRel at i vceolsyt laony
(ripariroughne ~180% at pl ot sqcompatible wi
veget infiltr ilmodest influencgsystems and
zones) |overl an flat catchment scgeutrophicatio
reducin s|2010) . effectiveness
and run f degend_elnt ond_
e e nn ol ( an SOi con
Rivers u 200
Retenti ovide co/Evidence finds tEffective for
ponds ter stor{ponds reduced pegand water qua
(per ma ditional|77% and they argi mprovements
storag tenuatioleffective when j/sSedimentation
ring stolwider SuDS netwg! Ot of space
ducing rjfurbanised catchn®l® te land cg
|l ume andjal ., 2025) mailntenance tf
i schar ge (Gulliver et ¢
al ., 20
Detent i mporaril|Studi es sfhloowwdr urfBenefici al fo
basins or mwat er|{detention basingperformance d
storag |l ease it|60%educitpealk sch/storage capac
du ng placross mulevents|in rolonged,
schamdge |depending on deg(Cavadini et
wnstreamet al., 2026). green SuDS us
pth (Gri bes as a comtl
17) features work
' a network (EA




Tab3-&xamples of UK Natur al |l ood Management interventions, t
are categorised as river(bdmukcwbdéobdbdpdamanm mguesmgde meunntof f manager
(gre@eimher NFM classifications and intervention types exist,
The effectiveness of NFM remains debated. Whil
flow reductions where interventions are strat
( Ahmadi sharaf et al ., 2021) , ot hers highlight
exteme events and future cl i matcecomroindertd thdiRdin A

and fargd neered appamnatodelssg ri cti nghaimbeso®ement ¢
catchmeale effectivenessHybasidf apgr etnciaregs!, ya? e

recognised as a more resilient strategy (Hill
under sthendi ncpombi ned effectiveness,, paritsiionwgl ar
guestwhoentsher current policy, funding and i mpl €

increasi ngdMGloored nmeski mMip2@2&nt ation is further
funding and difficul tDieesspiitne gAwasn tmiiflylii nogn b enrveefs

UK NFM Programme (HM Government, 2023), only
to NFM (FIl oodCoHunbu,Ai&tdy2&nd partnership approac
this, as stakeholder involvement I mproves ada

preparedness dtegar diowgdl omngk (Msongole et al

2. 2.eaky dams
LD>s@re widely used NFM interventions designed
obstructions (Zhuanbaaenhehl|l strA06R2d)yesAsthey te

during high flows, increasing roughness, redu
d scharge (Wol stenhol me et alrep@omBeégitt Yamfkeaae tdi,
when installed in upstream catchments and tri

flows and reduce downstream f Begdndioddi(i Haard s a
benetDasg,e rel acovtel gnd oswcal abl e, while al so e
through habitat creation and promoting sedi me
| oaidre oner sdwaded60% @MWl | er et al ., 2021). The
dynamic feedbacks between flow, sedi ment and
(Leopol d eHowkbver 196K ® . efDfdesc tHiveemleys sv aorfi abl e,
interactiaagg cwmmamilsadl e 4

magni tu/Pickering scheme (Fowhed|increasing eV

Factor Key findings | mpl i cati on
Event Peak flow reduct20fmsinalEffectiveness

ot her studli®% fschrowf requegmagni tude, r €
assessment ac

NN



and ret|<5% for higher return pemultiple retu
period |[2024) under-stnamni ona
conditions (H
Catchme|Peak delays of up to ~5|Localised att
scal e scale, but diminish at not necessar.i
and | and surface contro|jcatchsmsmeale f|
reduction
Dam Distributed eamwoge&rserodtPerf or mance i
configufinetwork effecto, where|lsensitive to
and net|del ayed routing produce|positioning a
effects|3660% duri ng sdxcoaeare ckivregnticonnecti vity,
structures (Hansamali e|configured sy
yielding | imi
Dam Performance varies by p|Strong site a
charact|{and stopeédducti ons up tqdependency | i
and sit/brushwood dams (Hanamdna|transferabil]i
conditiimost effek2%vel omesd (Frdqgcomparabil ity
2020) studies (Addy
Wil kinson, 20
Researc|~-80% of studies focus o|Highlights ne
' imitat{with I imited considerat|integr atsecdal en
and upstream gWWwwdesdeanhol me (approaches co
knowl ed{Khal eghi and .Nufde a¢ xpenrifield data an
gaps are commoni botavoéetbawdral/( Muhaweni mana
but over sismeliireyrtd h ®lwogy2023)
i nt er & cLteiacknesy2 0e2t 2 )a.l . ,
Tabl-&e4 factors influencing the effectiveness of | eaky dams,
processes and associated research | imitations.
2.2.5b€0stit anal ysis
FIl ood management is underpinned bybeenceofniotmi ¢ a
analysis (CBA), which evaluates interventions
der Pol et al ., 201bhcl deepndl, ogixecaihtoamplutps ol
converted into econaedminta gtéeantmsotnosshespysi anap teh Ex p e

Annual Dé&amBmADE, with UK guidance r-egtercongtsesom
against avoided damages (Merz and Thieken, 20
across multiple retusentppesodananddbarduncert
robustness (Egorova et aHowev2e0r0,8 ;CBCAh ans ectriali.c
underrepresenting intangible impacts such as
often undervaluing NFM benefits includdKng bio
guidance is therefore ebvacslevdi nag plbreoyaccrhde sp u rTehley C

N



emphasi ses tnhmaakti ndge csihbsowlnd not rbkenwesoktelhresht

but must al sanomen disckcar smoan al and environment a
treat ment of wuncertainty and future climate ¢
2.3 Flood Modelling

2.3.1 Fl ood Modeller Pro
Evaluating UK fl ood management schemes agains

relies dmcupaetdi antlodel |l ing methods (Sayers et a
software such as Flood Modell er Pro (FMPHR can
behaviour and defence performance and is wide
Thames Estuary 2100 programme), I|linking inund
economic damage (JacodbB, maRdDLI5y .arLae nkerdt ildul ar |
fbd hazard mapping and planning, combining ef
realisti-di, sspabuwéiDERRAdJdaz2023), with 2D appr
capturing multidirectional fl ow pathways (Cea
governed by the shallow water equations

oh  ohu v _

dt  dx dy
7 @+u@+v@+ga(h+z} gnzuw’w_g(zﬂzhjx+ﬂzhjx+ﬂzhvj=

at  dx  dy ax h¥/3 R\" 8x*  ax?  dxdy

dv N dr N dv N d(h+ z) N gnimui+v? v [d*hv 3 8%hv N 82hu
gt ax oy 9T ay PEE a\ax? T “Tay? " axay

EquatRiABanB@8i The shall ow water equat raovnesr augseedd ftdeond:e swchweorbee d e |

components of thehofrli awdind ebpetdv @ llve @ idit y ,omagr i zontdoal t @nsef ances,

accelerationédudManoniggasi tpeffi wienhheokinemghnesseddpdvi scosi
2022) .

Alternating Direction Implicit (ADI) methods

directions, allowing | arger time steps withou
their-agdepttbed formulation | imitbehapresentat.
particularly supercritical fl owda @gc en@ dsioklea e r
Total Variation Diminishing solvers address t
oscil hnatarossharp gradients, making them well s
as hydraulic jumps (Kvolka et al ., 2017).
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2.3.2 Modelling challenges and opportur

ModelUDGnsmesents sever al met hodol ogi cal chall e
i mprove model reliability, as summarised belo
LimitatiqChallenge Opportunity
LD Absence of standEnables fl exibl
representmodel l ing approabased testing o
uncertainty (Furifconfigurations.
Lare typically|and placement a
using barriers/wevaluation of h
culverts (flow pinfluences fl ow
i ncreased roughnsupporting opti
simplifying theilinterventions.
and dynamic stru
al , 2022). Mo d e
highly sensitive
numbesjtponing a
roughness values
et al , 2025) .
RoughnesgTypically repres/Justifies calib
parametenManni m@®d.€02x ommon|sensitivity tes
applied pablkdsbaval ues. l ncorpo
datasets (Addy aderived par amet
2019; Furnue$ etirepresent adpeni
However, Manning/behaviour and r
assumes uniform|lonfixed, gener al
constant roughneassump¢ Xomg et.

representation o
resistance from
and pooling. Alt
(Chelar-&gi sbach)
possi bl es wiuttadlees
c omp |l e xc hoapreme | S
(Smith, 2009) .

Model selHydrologi ddlHBWwWod Supports integr
and scaleLight) i mprove cmodelling appro
parameterisationbal ance efficie
floodplain dynamrealism, ewmalallie
hydraul i sumbdalsjassessment from
LI SFL®®D providecatchment scal e
fl ow representat
computationally
(Ti bangayuka et
al ., 2025).
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UncertainModel outputs ar{Sensitivity tes
no-atatiofnparameters such |probabilistic s
boundary conditi|P95) i mprove ro
gradients and reno-stationary <co
2009) . Determini|2022; Webber et
fail to capture |Emerging approa
changing climati|li mproved NFM re
FIl ood Modell er
machine | eatrinom
of fer potenti al
uncertainty (Ku
Tabl-Mo®sel |l ing challenges and opportunities in representing |
approaches to i mprove model.l robustness and applicability
These chall enges highlight the i mportance of
approaches to i mprove LOperffidremarece numobeare!l dumrg

conditions.

3Study area

3.1 Overview

South Moor is a village within the parish of

reach of the Twi Z0edd, BuOr2dt amlteyh mBumtn i s the s
Buraori ginatAnmd@g i eé¢adr Pl aeggans tamalr d 4 otwo Sout h Moor.
Burn is a tributary of the Cong Burpa,eStwheeth. |
South Moor has experienced repe&dtiacef I2DddR ,eve
winter 20N6yembdr52019), causingptoad toundat
infrastructure including sch®todnicdypissaRSef S2 &
pil ot pPpuodedt shkF ORIgMT htehescheme i s aPalritnmemraditph
undemh@®at chment Based Approach andNBRMs investec
interventions within the Twi zien |c oclaltacbhonheantti o nE
Wear RiveDGCEPandtIlcoananlu,itihtey scheme lLDfsevgt & @ s

creation meaas BrudDsS t o reduce -$toedamrhakitaenhanc
access (Stanley SuDISDh2022peeno icasta,l |22 in t

(see figure 5).
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3.2 Catchment characteristics
The catchment exhibits a steep topogr2afhmc
in the headwaters to 27m downstream, promot.i
flood risk (figure 6).
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Land use (figure 7B) is mixed, acnosnupbruirsbianng coofv e

(29%), agricultural land (28%) and woodl and (
devel oped areas, combined with partial attenu
compl ex and potentially f | dmper viloowsd gwersfpaomesse
accelerate runoff and can increase peak fl ows
of ~24,800 homekebby 2035 uirs h¢ DCCnc.eeR®¢afl od
increase in urbanisation is associated with m
high flows (Han et al ., 2022})perTnhe abadlfafieyetntiss
| i ES®ut h woearre infiltration is already constrai
classified as a heavily modified water body w

hi storic mining adhniceirtai ( DigpiFeRrA nhaokwd 3e6f)Dést i v e
areime¢reasing res- el dtl wdnigno Sout maMeor

4 Aims and Qeeseamnals

The Environnaesnstigmgseerddyu m confidence in floe eff
reducing flood risk, particularly under extre
highlights a key gap in understanding their p
underpinning the aim of this study:

To examine the dfefaekeyt fdmemsébbedivmatdern current &

projected climate conditions.

Responding to the growing need for sustainabl
intensifies, thidcatedwppapadoptd a&aomeltiuate LD

South Moor catchment through four research qu

RO1IHowd eaky ad amyg channel mor phol ogy and fl| ow

conditions?

Despite increasingremplemeonnaevodegnbiegbf morp
hydraulic i mpacts at | ocalised scales remains
addresses thisctahreodgllrdeancemsur ements upstrea
LBi nstalled as part of the SuDS+ project, pr o

fl ow attenua®evemtucdedi homowns.

RQ2: dHdwaky chaamsgye t he magnitude and timing of

under baseline conditions?

NY



Existing studies show unce¢(tdapnhyamdrie 318 &€ tde n
integration between spatial smal espl(eéelifloetd a
across a raéangedofunAEPtainty -boallna spr dd exksd eng tr

catchsmeale fl ood response, enka®.| i ng robust as

RQ3: Hdwakg cchaamsgye t he magnitude and timing of

under future conditions?

A key |l imitation in NFM research is understan
scenarios. Simplified or single hydrograph in
evemmdagni tude variability shapes distributed d.

i mpacts on storage and f | ow s yRmQ@3hraomgsllgd ataiten (
driven dischargeFMR oj escihubat e vafsusteusis® negv e nt s,

robustumegs o) ecootnedd t i ons.

RO4 : How can fl ood management strategies be o

Significant uncertdiDhogemrenmapiemds orengaarcedi mgppd ec
at catchment scale, particularly relative to
2025). R4 amoeel enanagemeodd schame si retsceuinpdlt s
with-beometf it anal ygptiismitoed detntatfegggi es t o reduc
South Moor.

5 Methodol ogy
5.1 RQ1

5. 1. 1lwdrikl d

Datasw!| |l ected between January and July 2024 ¢
temporal variability in channel mor phol ogy an
i mprove reliabil-teiymawndr ir@bliuliciet yhocdnsi stent
(NRAF 2026). April data were omitted due to ti

met hods s-Neahr ast KNei phlsacwrrs maBrbiratii Imit yynd Shc
2021). Measurements wesdeéoconduttedsundepr asan
flow regimes and afliidgladc 6@ i tthr ps afve bplspue Pos

et al .De2®i25¢d measurements werle owrederat dkiébm a
the upper catchment (Figure 5), where NFM mea
were excluded from field samphiegmbdelinagudé¢

N ®



2021). LD dimensions and channel sl ope were m
converted to m/ m (Appendix 1). Chantnealv etmdryp ho
spaced depth measusgeareinamn tpce resaelicobusleantael carroesas (
foll owing Satch,20L®namMeasmretmealts were taken
downstream of each dam to capture | ocal effec
velocity was measured at 0.4 depth using a Va

approxi mataiveggddpvbl ocity (Linsley et al., 19

Velocity in ft/sec
0 1 2 3 4 5 6

Fraction of depth
o
H

i ¢ 0.5 ] 1.5 2
Velocity in m/sec

FigufrSchBematic vertical velocity profi He nfeoarr oipnecnr ecahsaen nienl vfell
channel bed to the water surface. The 0.4d position is indic
depavhrer aged fl Gwaplk!|formkreyVacher, 2005).

This approach is based on the | ogarithmic vel
approxi mat iaovne roafg edde pvtenl oci ty (Wil cock, 1996) .

conditions and uncertainty arises undenetur bu

LB (Liu et al., 2021). To reduce thi-secwverloci
intervals to capture variability. Alternative
used, as restrivcetleodc imiyx,i nogb sitrr ulconeeads U rl eomvesn tc a n
accuracy and pose ecological ri sks (Hudson an

Baselinerdbatiaded in Appendices 2 and 3.

LB were classified into four st r2u0c2tbu r aslu ptpyoprets
by field observations and c oreanbletrast ircers pwintsh bW

i mpl ementati on

Il
<



Natur al
woody
debri s
( NDD)L D
4, 18, 1
L and 12
7
Wo o d-e
board
dams
( WBD) Ge e t-1i
LD ari assi st
- dams
( GAD)D:
12, aBd
5
FigurPh®t ographs to capture t Naetudidlf ewec
danmyi t bosedgdopngm branches and other fall
Wood8popagddbapncreated by cutting a groove
sever all i kleampk ece Geot emsed e€Ced dam using
pegs to hol(@l astsiifni cpdtaicoHan aadmaplt iede f r &Im.
Rainfall data were obbaicked gmonguetael 2roecsad | u tiipgt

provided by the Wear Rivers Tr vhsatnd wa7mim 199 % a
per tip calibration (EML, 202Huckeee gAapmgersd ima
underesti-matensigynw rainfall, this is undikely
extreme conditions (Molini et al., 2005)

5.1.2 Data analysis

CSA was used to LBtargr etmplewi nlge channel mor p
using the trapezoi dal rul e, widely applied in
irregular channel profiles (equation 3). This
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si mpl

under

Me a n

er rectangul ar approximations, which ass
estimate variability in bed morphol ogy (
Q Q .
0 — ®
C

Equatdi ®mapezoi dal whwelrte cfr asreamutl iao, n a?d) Qax ea
water depths at consecut wyee =méddg U zeomd

across the chkKanthetalmhumbhdr of meas
CSA values were compared upstream and do:

expressed as the standard error of the mean,

EqUG

YO @& XA QW 0 QF

OURNI acRUq f Qo Of | 'R0 Qs ot V200 B2
Eoa QD oanaQ

EqUG

OURWNUI q¢ RUq
YO @& ‘AN VAN 0 O

EO0awiDwanaqQ

T0 Q@O 01 | R Qs

I?G]IJGAI:JG?G]RQIJLU? T#B! M'mec TxEAGE
Tab6ieA table to show the steps taken for multiplicati
A pairedi tedtt was used to assess differences
downstlh@aint hout assuming a(#Humegt edonal .r egpeae
increase in upstream CSA may be expected due
and Nosrati, 2025), downstream scour and eros
accel er attherdoufgghow hé Wet sttenbokme et al ., 2025)
oo
O e
i i
£ £
7 (n T OI'] EUBDI OEAOEO ¢q ODPOOOAAI #3! AT x]

(¢ Al OAOI ACA EUPI OEAOEO ( ODOOOAAT

# 31

Equati A)n. As amwpl-teedstt, where: df=z==zobestvedameandef obsesivedampha

of seconti =s smmlnedar d

deviaii en aonfdafridr dtevs amplo&n=o0$ amplcensli sam

first satmplsempamdsi ze of second Bsamphe XUl eandl alt2a®dhd@da)e h:
statistic exceeds the critical value, the nul/l hypot hesis i
5% significance | evel i sUMI.I919 9b e :t hQe. oBEV @(m5t% )io, @aisc @ nlde weIst ( us ed

|l iteratur e, in order to find the critical

valu



To assess the influenegmr O%tAydpaem cshiazrea, c tderroiusptiincg
Wal lis tests were applied dner tnal schat & dampt e
commonly assochased weabétCemeat al ., 2025).

pPg L

ot p

it p ¢

Equation 5 - The Kruksal-Wallis test where: H = Kruksal-Wallis test statistic, n = sample size,i =mean ranking, ¢ = rank

variance (Lomuscio, 2021).

Kruksal- Null Alternate Approach and justification for grouping
Wallis hypothesis hypothesis
Test (Ho) (H1)

number

1 There is no There is a Dam types were previously classified into three types
statistically | statistically considering the types of wood used, the structural
significant significant integrity, placement in channel (see figure 9). Based on

difference in | difference in existing studies, this influences morphology through
median median differences to flow attenuation, sediment transport and
pPCSA pCSA localised scour or deposition, which in turn can affect
between between CSA; higher density such as the wooden boarded dams
dam types dam encourage upstream storage and greater CSA whereas
more permeable dams may increase turbulence and
scour downstream (Ronnquist and Westbrook, 2021). As
three groups were defined; the degrees of freedom was
equal to 2 and the critical chi-square value at a 5%
significant level was 5.99.

2 There is no There is a Based on dam measurements, they were classified into
statistically | statistically | two size types: those with width, height and thickness >
significant significant | 1m (LD 1, 2, 3, 8, 9, 10) and those with width, height and

difference in | difference in thickness < 1m (LD 4, 5, 6 and 7). Based on existing
median median studies, larger dams influence morphology by increasing
pPCSA pPCSA flow resistance and enhancing backwater effects (Lo et
between between al., 2022). As two groups were defined; the degrees of
dam sizes dam sizes | freedom was equal to 1 and the critical chi-square value
at a 5% significant level was 3.84.

3 There is no There is a Based on existing studies documenting a potential
statistically | statistically O6net work effectd whereby
significant significant succession (in this stud

difference in | difference in | cumulatively and compound any morphological effects as
median median opposed to dams in isolation, dams were classified
PCSA pPCSA (Hankin et al., 2020). LD 2, 7, 9 and 10 are positioned
between between closely after the previous dam (less than 10m
clustered clustered downstream) whereas LD 1 is the uppermost dam in the
and isolated | and isolated | reach scale network and LD 3, 4, 5 and 6 are >10m apart
dams dams from the previous dam. As two groups were defined; the
degrees of freedom was equal to 1 and the critical chi-
square value at a 5% significant level was 3.84.
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TabTlidhe thredVaKdulssadalests performed to understand how | eaky
mor phol ogy. The null and alternative hypothesis and rejectio
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Equatri

t woeampl e, -tpdasi wietdh ta 0. 05 significance | evel use
arge was calculated as the product of ve
action between channel morphology and f|
arge relationships were devted npeshwiwathe p
ered flow conveyance, at,t esniunaitliaorn toor vda ns
.a,n d2 0e2vda,| uatweal wes ntgo RF denmo @ gl-®leitMaryae=e ue

P& 39daefficient ofwasteseaend ntadrieomgtglsRso ft hfei

scharge relationships, with higfhietrt ivimd ue
s were selddhedr dol repbeskengd oprovi ded t h
o t he (ovasyedddvuewda rdeasd aeMomtl hl,y 202B3yes were r
rve temporal variability, as averaging w
t h
d

sensitivity of thoe detadrymiimnse (wiueetrhre
i fferences bet wme ecnt-duigsscthraeragme arnedl adtoiw
tically -tsaighhedsttcwns, apppaerdetdoonhhe
fitted relationships, based on exp
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—
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(Howewves, ad0RBmMmitation of rating
nge of fl ows, atshearmhaedyPBaomd ys lucspee odbaste:

® 99 O
-

ted to calculate potential channel
(EA, 2003).

ngbés e@auwdtinoowd serearranged to estimate

S wer

(¢

of t en>lu)nr eraelfilsetcitcianigl ys ehnisgiht i(9Ccit yy L
tions where vegetation, obstructions and
nd Schneider, 1989). As the equat.i

| e-fplpd wcaanmaointit@ns i ntroduces uncer

me nt

Q

S , it

n

sentative roughneauss evlad cutee dh ouws8ismtOgc DA S5 51 Wa
on observed channel <charact ebsitsitmactse d Ch
arge capacity was-basledulf atrendi| wgii ogh sMd ron ia
yance under bankf FIRIM csoensdggtudi nmtra(sRaastuzp,p or t
DEFRA, 2019).

oY”
£
®he channel conveyance capacityheqeat Konsdeée&pmijpyasyg ahcem

0

crosescti on¥ils aryedr,aul i c ¢eiadMasan{mpgdsandughness co@ofnfpiacriienngt (
upstream and downstream conveyance enabled evaluation of hov

potential (Zhu®ng et al ., 2025).
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Conveyance is influenced by vegetation and sediment deposition, channel irregularity, and
in-channel obstructions, highlighting the importance of both channel form and roughness in

determining flow capacity (equation 8) (DEFRA, 2019).

0 0Y”?
Equation 8 - where 0 is estimated discharge capacity (m3/s) and "Yis channel slope (m/m) (DEFRA, 2019).

Measured discharge {f{ébwecbasdobsengedwhoWwe est
represents potential channel capacity derived

downstream comparisons Wwd&sdei nufslewe t me afslsew sc ehpo:

attenuation downstream (Zhuang et al ., 2025)
5.2 RQ2
5.2.1 Catchment delineation

Catchment delineatiomLwddARuCoepbakéeére Dsgng al

(DTM) (1m mesopubcesprped (IDEFRAc GH282B5 0ol uti on d
wasuused to caphleetbipographic controls on fl ow
representing headwater systems .and NFM featur

Il
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1. Multiple LiDAR tiles were
mosaicked to ensure full spatial 2. The DTM was conditioned
coverage of both the upstream using the Fill tool to remove
rural area containing the ten artificial depressions, ensuring
leaky dams and the downstream continuous flow pathways.
urban extent of South Moor.

4. The Flow Accumulation tool to
identify drainage pathways and

channel networks and
distinguish main flow paths.

5. Catchment outlets (pour
points) were manually defined 6. The Watershed tool was
and adjusted using the Snap applied to each outlet to
Pour Point tool to align with delineate contributing areas,
areas of highest flow which were subsequently
accumulation, ensuring converted from raster to polygon
accurate upstream connectivity format.
(Lindsay et al., 2008).

Figao€atchment delineati on, weonrakbfllsoowg |ienu bAsrisceGsl sSmePrto of | eaky d
reach to cat(cth medrstays ceal eal ., 2008) .

Two nested catchmeat smabetlteupcadtdemmesubcont ain
LDhnet woBR 7rm?)and a | arge(rP @3 Zemeompassing Sout

Mogr this nested delineation approach enabl es
hydrol ogi cal responses and cumul ative downstr
Delineated boundaries informedeeamodpiferdi ent a

5. 2. 2 Raiisndfhadrlge transl ati on
Hourly rainfaldl data was obtained from the UK

using thriem mraax}gid® tcyattcohment: Chopwell Wood,
Newcadthliessen polygon analysis using ArcGIl SPr
proportional area of the catchment associated
al ., AAadt®.ugh Chopwell Wood represented ~58% o
yeat 8 minimum record |l ength recommended for
(typicalky a8d geawas excluded (Thssitdetesobn

supported through comparison of overlapping p
=2z



characteristics were found to be20b2rdo)adanyd cons
Newcastl-20@8)0,74indicating that exclusion did
systematic bias in rainfaldl magnitude esti mat
Ti me of concentration (Tc) was derived to est
scalteos,i dertriifty ctalhe stt lomanx idmirsae¢ s omeak fl ow ( Bru
While multiple empirical methods exist, the W
due to its applicability across a range of

compari son

Equatoi

|l ength

el evati

Thi s

on fi

Smithers,

Wat t

(m),

on

provi des

x ed

and

in

Chow
derived
di fference

a

b ea nvde ena trdetaal he

YO TSP

(1985)

bet

hSeesappendi x 7
physically

empirical
2014) .cadahehmpatrebhmwsedba

n 8
V]

Vs

formul a

ween the

for
based

constants

responses

used in

forepir meenf sCbheehbtngéesbd
from GlYSsdehenaae¢i ageochaheelkcasicbment m/
cat chimmat ohead®waiese t e amrdeosnsud
calcul ations.

esti mat e

(Perdi kar i

of
simpl i fi
raphidl @ esp

nag

the | arger catchment responded over 4{onger
dependent |l ag effects including urban drai
Rainfall extremes were analysed using an Annu
flol owing FEH guidance (SEPA,-a2@hBur )Ravlelrieng
calcul ated, from which AMS datasets were extr
and 32 years ,duwfrf iNeiwcmtstfler robust frequency
1999) (see Apptepds xto8 Keamrnasifofoaridli schar gearheydr o
summari sed bel ow:
Step Key EquationgDescr iamtdi gqrustijlLi mit/ati ons
Assumptions
St €lp Largest rainfaSensitive t
Rankin extractlaurf ocan|l enghtd 1 gno
extr emg hour durationsjsecondary e
i ndependence oevents with
and reducing c/lpotentiallyy
AMS values ranunderrepres
ascending ordevariability
probabasedyanal/2022).
andmament est.i
(I'nstitute of

Il
—
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St €p-L . P Q p o order ed raAssumes sta
mo me n t w 3 R i samplie mome and can be
esti mal 5 o.rdemome_n(l(smea smal |l sampl
O —m — n . (Hosking, 1

0 0 O(scau(esk,ewnes

Rat ico9 7,0 07

0, used to de

variability a

(Namitha and

2018)
St 8p GEG) ¢ i1 QD rainfall ndgAssumes GEV
par ame /| , ‘: locla)t,iosc@);distributio
esti mal p ., shapeanhfdooam|represents
and ex| tail behaviour|{shape param
rainf a rainfall estimhighly sens
cal cul { range of AEPs |skewness an
mome-dérived pajvar i abSylaiftryi
(Hosking and Wal ., 2019).
St ép Mean wunce-rtai(s): sample stilAssumes app
Uncert.distri‘bu(‘)txiﬁo{mq:)deviation; (n)lnormal ity f
estlma1Stanolarol OleViUncertalnty |n§st|mat|on;
and uncertaisn{tuyar@account for skiincreases w
propag hydrol ogical &esample(#KLE
" - defining bound2025).

par ameMaemnmrtsgdme

Runger, 2018)
St é&p Rai nf all esd %,mMHIi gher magn
Design 10%, 3.33%, 1%AEP) events
event s AERvents, refllassociated
( AEP) NFM operationajluncer t(Vaiilnltayr
UK flood risk (et al ., 202

2032

St é&p 0 v Rainfall esti nMMAssumes spa
Spati a BO using renormal{uni form r ai
rainf a v BO Y weights after-jeach polygo
wei ght record gauges,|introduces-
spati al repres/physical bo
(Lee et al ., 2lbet ween gau
i miting it
represent s
rainfal]l vV a
Spare or un
net wor ks in
uncertainty
Bray, 2006)
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St ep xpP=1 Observed rainf|Limited num
Hyet og mi nute data) nlobserved ev
constr scaled using Grestrict. va
preserving rea
structure inst
stor ms
St é8p Pdt)ECP(t)(Q: runoff cogSensitive t
Effect rainfall at tijcoefficient
rainf a catchment | ossjland anteced
testing appliecondst{ 8on
Kwon, 2022) Kwon, 2022)
St @p . B 06 0O Tempor al centrfAssumes sim
Runoff 0 BO 0 rainfall timinlinear resp
ti ming y o combines rainf{behawviour
Y Y o travel time; b
oYy represents tot
duratBlback et
Ste@ 1 » O (®: peak dischSimplifies
Uni t v A T[atnprunoff vol ume;lhydrograph
hydrog area. routing pro
(Boor man an
1981) .
Step 1| 006 B0 Q YOO Q|Effective rainAssumes | in
FI ow r ¢ through ti me uresponse; d
(convo convolution, plcapture tur
di scharge hydr|isedi ment or
FIl ood Modell erflchannel fee
consistent wit{(Boorman an
(I'nstitute of 1981)

Tabl-d&r @8nsf ormati on of observed rainfmall nientwd tdhi ¢ hrarde®olly Esad
(Institute of Hydrology, 1999).

The result is a continueashdrethangeehyddognd
bouad I nPMR steee ap®Pendi X

5.2.3 Model setup

Modsel mul ati ons were undertaken in FMP using a
delineated catchment boundari es. Upstream inf
of channel connectivity to capture all/l contri
out fall (sl ope: 0.001) applied to minimise ar
numerical stability (DEFRA, 2023). A timestep
Wol st enho,l2M& 5¢9t, &lal ancing computational effic
repemtsati onduorfatsihoonr tf l ow routing, as | onger ti

=)



and underesti maDéavatet earepateisem.t ed by modi fying
topography) and embedding 1D culvert el ements
adopted apwrdmadkl|l i nhng studi es Tw®e riudr eett salp.er
were used to reflect distributed flow pathway
(Senior and Willis, 2022). Gap di mensions wer
Scaniverse and converted to eqiux vhO0)e.ntWkiilre up |
tBi simplification introduces uncertainty as n
2022) uni form Manningb6s roughness (n = 0.045)

higher values (0.16) assigned to culverts to

on existing studies (Mepssmphhohmei etl atding20@
culvert representation, grid resolution and b

were therefore evaluated through sensitivity

Simulations were run for 50 %, 10 %, 3. 33 %, 1%

LDscenarios, including | ower, central and uppe
applied, with runtimes extended to capture th
al ., 2025). I dentical infl ows wer ecatseeldmernt bo

due to similar CSA and velocity (Appendix 3);
survey (July), i ntroducing unceryhdodely satugp
shown in Appendix 11. Outputs were analysed i
extent and time to peak magnitude at the out]l
depth and exhenondbdbef ocooee by siMmdyamlapvhal i dati on we
undertaken by compgeiamgfsésiomdl & xé @ &BRGIO0 ondo zdoanTes:

and | ocal observations.

oM



l South Stanley

South

Moor : =

Stanleyburn ;
Farm ! - Flood zone 3

A Flood zone 2

L
Fa Quaking

[ .
Houses 0 100 200 300m

Fi galr-EAF|l ood Map for Planning showing Flood Zone -2%BER % annu
under pdraeys ecnotndi ti ons-i 20We amo d d loloadAeBEpt efnatl 1(sO . wWwbi% hin the prol
represented by Flheadk iherde ax an d eipssr etsent ative event for va

5.3 RQ3

5.3.1 Future Rainfaldl projections

Future rainfall projections wepeemdétiwngdregouw
climate model outputs (2.2 km resolution), wus
projection uncert aismretey A(pMetn dOfxf il2e,. ZENhils& mbl e
uncertainty through spread rather than relian

precipitation was extracf26600f o0R20BDGge ttoi mappan

Sshoduration rainfall driving peak runtod f5km, s
introducing some smoothing, this resolution r
due to its ability to resolve convective extr

RCP8.5, represepdt sogdmarhteacgtet) Eatrem202ainfall

estimated usbaged Guefheench( Saensvsomappnoadone

EquatO@Agn Bl aGdmiCel (Extreme Value Type | ) frequency factor me
whewmées the reduvded twher if atea,u é¥nicsy tfhaec tdoers,i ganndr ai nf ashhdfrom t he
standard idévimaxi oomm hourly precipitation derived from UKCP18
factor formulation (0.7797 and 10.45) are derived from the s
distribution, whi chamdedrad ede tihaet imem nofana &at aset to its extr

ON



Thimet hod, widely used in hydnablbgscabnéregeen
estimati on waft heoxuttr elmeas ctf rpaam aaneitmeat € imdd enlg o u
only summary statistics are @Nangabfac(&rsewe
derived by comparing future and baseline cond
observed rainimamenftr amaAMSils (Appendix 13). P
incorporated using the 5th, &&eh, acdn®bah aed
boun8sal ed rainfall was conver tcids dbardg es cthraa mgs
procesds imseRQ2 with hydrographs ufAepd eanddiixn dludt)s
Simul ations were run across all AEPs, time pe
wi t hLoDuwts Out puts were analysed in terms of maxi
peak magnitude to assess how climatkeDchange i

effectiveness

5.4 RQ4

5.4.1 Flood risk management scheme desi
Hi grhi sk iademtsi fied from modehfoumpthe wWwese gms a

of mitigation strategi-esgicoendi ed.SypendddEnta@aovdsha

undertaken for all c¢climate scenarios, with an
event s, reflecting standard UK design thresho
defence astEEAsmM2aOR2; DEFRA, 2025). Mo del outp
Pro, whedeeptfhhswoddreat s were intersected with OS
i nf raatsurreu dat asets to estimate damage (0SS, 20

5.2Dep-tthmage esti mati on

Deptthmage relationships were applied to estim
South Moor study area using the European Comm
al ., 2017. P edlaymaognei & lu ndcet p tasks wecef fct cedves f
asset class, describing the relationship betw

per uniDt A&fTenae (resulting functions are:

(@) MMAEQ@NRO pELVD p&upPp QRPorT

7 (0] MO eQ@NO o@Q 1 nd&T WR w
9 (0] MMAEQ@NRO oW T T8¢ QA T
Equati-®e ptibmage equations for input in ArcGIS Pro. A). Roads

(nearesidenti aVYalbwdd dwelrges )converted from euros (2010 prices) t

o=



average annual inflation rate of 2.82%, resulting in maxi mum
A2201/ m|] (commasri diealt/imédn infrastructure such as the local sc

Thi s appseambBs uniform vulnewuabi tiagswantdi doe:
account for wvariati onl iiikietbeurinladli npgr ocphearrtaycdrieergisl
depdéamage functions and Hunfzliantgiaoreti malt.h e 2f0ult7u)

5.4.3 Cost calculation
Cosptenefi {CBRWesmMes cal cul ated by comparing sche
damage reduction, enabling evaluation of NFM,

present and future conditions

Measur e Basi s Unit co:
(2026)
Leaky damsper dam A194/ dai
Detention |[per® m A25% m
Detention |[per® m A25% m

Of fline stiper3(mower{15, 37 ¢38
cost func

Retention |[per® m A22/ mj

Flood walllper metrelA4, 000/ i

Tab9-&sti mated capital costs of flood mitigation measures und
Costs are presented for individual components (|l eaky dams, t
har d, NF M, ands .hybmiitd rsathesneare derived from 2015 | iterature
with offline storage cos-adj catl etlapowdlt § DEAFRARNRIOAB)ati on
Whil e EA gui danclei fiencd asteisn gvvh omhaei nt enance and
excluded to ensure consistency, as NFM cost s

standardi sed unit rates compared to engineere
wererefhere used for ThimsedcthtcomMpuariss atimicfee t @a tt .
may be undeardtwimhdredecosystem benefits are ni
under val udienngetNsHMg the results,FRMoomaercdasti oar
makeosng forward including the Wear Rivers Tr

of the | ocal community and South Moor in the

00O



6 Resul t s

6.1 RQ1
0.35
0.3 ¢
B [ J
N
60'25 o
IS
§ 02 ¢
5 o o °
%) ()
2 0.15 . ° )
[ J
<</E) o ° i
g 01 ,0‘ ® o
g ()
0.05 | e ° °
¥ ® ° °
[ J PY [ J ®
0
0 0.1 0.2 0.3 0.4 0.5 0.6
CSA downstream n?)
Figu2ieSsclatter plot of upstresamtdmd adovanrsetar LB AQr axgy oss all s
The 1:1 line denotes equal values, allowing visual assessmer
and downstream poicratt i orenpr. e €Eanths a paired observation from

Figure 13 shows wvariability in upstream and d
points distributed around thke. 2. hade ngene&amallll
upstream, while0l 2@y maresmct e onfst ¢n Arpaitreed do
t wobai Hedtt indicates a significant difference
O o1 o PR W) TrinmpmBruaMe an CSA was 020Pst Me ®dmo0 1 (
and 0. 1512d\b wn.sOtlréemam, although vari éilbweivey, bet
si-t evel results in table 3 show this pattern

on



LDUpstream?(Downstreamnm|pCSA 2
1 0.057 N 0.069 N O -0.01
2 0.065 N 0.027 N @ +0.03
3 0.057 N 0.025 N Q +0. 02
4 0.105 N 0.067 N O +0.03
5 0.156 N 0.129 N 0 +0.03
6 0.100 N 0.048 N 0O +0.05
7 0.016 N 0.330 N 0 -0.31
8 0.082 K 0.145 N 0 -0.06
9 0.148 N 0.393 N 0o -0.24
100 0.128 N 0.280 N O -0.15
Tabl0é Mean upstream and downstream CSA for each Pealkys tdaanml asridt

error based on

Dams6 2general ly

greater

repeated

downstream CSA.

measur ementJsulayc)r.os s

show greater

al | sampling per

updt sbham CRAstwam

For example, DFam 6 ha

while Dam 7 shows much 0aB8Rm downstream CSA
Grouping classi|Numb|Degr elH j? p- Signi f
of of stat|icritivalu
groulfreed val ucé¢
(k) [(df) (U=o0
Dam type (LD 4,3 2 12.7/5.99/0.00Yes
natural woody d
6 and 7 = woode
dams and LD 1,
geot exssilset ed d 4
Dam s*lzave :( LD 1,2 1 3.00/3.84/0. 08No
10 and <1m: L D
Proximity (LD 2|2 1 22.53.84|<0.0Yes
previous dam an
and 6 8meapart
previous dam
Tabl®BKrusWallt est results to assess whether dam characteristioc
crosescti ong@dSA)r euaps(tream and downstream of Ilgeaky dams over toh
Dam type shows a Hsi dmri. f7i0c avihti cehf feexctee(ds t he cr
of 5p=990,. O0® 05whil e dam proximity produces th

(O ¢c® o of tin

3. 0 3a8f=

gt i.p n
0.008.3meani ngulthehypanhhesi seWhielject e

contrast, sdami Siit D aiHFEy¢gROtt
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CSA provides a measure of morphol ogical adj us

charactvari sdmid idtiyscharge acts as a | ink bet wec¢
assessment of how channel form and flow inter

DanmVel oci tijepDi schat/sg)SI| o
1 -0. 0009 -0. 002

0.0
2 -0. 032 -0.010

0.0
3 -0. 036 -0.010

0.0
4 -0. 028 -0. 006

0.0
5 -0. 029 -0. 006

0.0
6 -0.043 -0.011

0.0
7 -0. 023 -0. 007

0.0
8 -0.028 -0. 007

0.0
9 -0. 030 -0. 009

0.0
10 |-0. 030 -0. 008

0.0

n CSA, velocity, a
summari sed here.

Tabl2Mean absol ut ap:udp sftfreeraenm cie sd ownst r eam)
site averaged over the sampling periods i
negative valuesowndtceaeam gakanéesr d

"n —

Tabl e 12 viendicdatyesconsi stently d®O&Odmeagsaets vdeown s
valued®dD) scharge al so showsdac c ekawste slteesnst tdhoavn svt
Average slope was O0ClH®@B86elN 9. OPS 7md mi. s 0alSr 0s S
m/ m) but doepr opadrrieHmawailons hi p with chantiQuigs i n

0
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Stadescharge relationships vary between sites

downstream pattern. Some dams shoéwkB2eewkbrl do
others are stéelPB8. uptstsewaenr,al sites, includi
relationships are irregul~-ar 9d 84pi, t ei mbotdasxtialtnet
Wi ntdderi ved relationships are generally steepe
Dam | Upstream | R? Downstream | R?
best best
predictor predictor
1| 7-day 0.2615 | 3-day 0.6321
2 | 3-day 0.5993 | 1-day 0.6727
3 | 1-day 0.4046 | 1-day 0.6296
4 | 1-day 0.6228 | 3-day 0.5127
5 | 3-day 0.4135 | 1-day 0.0902
6 | 1-day 0.5458 | 7-day 0.799
7 | 1-day 0.4851 | 7-day 0.2447
8 | 3-day 0.8393 | 7-day 0.7486
9 | 1-day 0.2443 | 7-day 0.5894
10 | 7-day 0.1729 | 3-day 0.2182

Ne AugBo d a ¢l ! oY ntogq 6 IJ10t ql YUNRWIt qtol D¢ qRYUt 6 RGH OAWqs WW0Oe UqEIT 13C
I ¢ RUN ¢ G i oG kO E0IODY | 0T 100 YU q 6 h 0GI YT 2 #RUNIOq 6 13 KIp HAAOKS HOH i Yo (Y HOTp YRIHHREAIE!
cUT 1l YsUt ql Beatol Ber61IE etoRUT RAEC qRUNION R 1 IMAEERINH KRGEDSHD Hoays a Gae! Uea
|l ¢ RUnciadp

Howevelratironships between antecedent rainfall
weak to moder a®0e 7PR) .= UpPs®@O@am responses are
wi t h -tséhromtr a3 nday ), (Mhereas downstream respons

correspond to | onge¢rdaayntreaciendfeanltl )peri ods (7

0.12

0.1
0.08
0.06

0.04
e i ol

-0.02
-0.04
-0.06
-0.08

Mean b coefficient

1 2 3 4 5 6 7 8 9 10

Leaky dam number
B Mean b (Upstream) m Mean b (Downstream)

Fi gud-Medn b coefficients for upstream and downstream reaches
pol ynomi-édilschagge relationships across the six sampling mont
di scharge with stage.

oo



Downstream b values are slightI| y0.g0xa4d)e,r
di fference is not osutun tpd g toi c applxy s g o 6L v, ¢ & ot
the null hypot hesijisndd atghibDa@be noéej pcobeddce
downstream i ncdiesacshearigne ssemgsei ti vity wunder
the need o further examine channel
DamMean Me an i n Mean |[Mean i n
upstreldownstjconveyiupstridownst|{esti mat
conveyjconvey|lcapacitestimesti maldi schat
capaci|jcapaci|(upst+¢di schjdi schalcapacit
(/M s) (m3/ s) downsticapacicapaci|(upstT ¢
(/¥ s) (ds) |(ds) downst |
(ffs)
1 0.208 |(0.242 (-0.034 |0.016/0.019 |-0.003
2 0.244 (0.053 |0.191 0.019/0.005 |0.014
3 0.209 (0.044 |0.166 0.020/{0.005 |0.015
4 0.458 ([0.263 |0.195 0.052/0.023 |0.029
5 1.349 |(0.783 |0.566 0.120/{0.081 |0.039
6 0.579 |(0.146 |0. 433 0.061/0.011 0.0409
7 0.041 (3.009 (-2.967 |0.003/0.368 |-0.365
8 0.380 (0.971 |(-0.591 |0.047/0.053 |-0.00°7
9 0.921 (3.369 |(-2.448 |0.080/0.290 |-0.211
10 [0.601 |2.224 |-1.623 |0.047/0.173 |-0.126
Tabl4eMean upstream and downstream 0ch3mnelal carvad yan ae i map avkaintn
with a fixed rowmghwoesh fvfadjueeac(esc &l cul ated as
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capacity.
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Trial | Ma nn i Outflow | Grid Loss | Measure
roughness | coefficient | size | coefficient | of fit (%)
(m)

1 0.035 0.001 1 0.5 93.3

2 0.045 0.001 1 0.5 96.0

3 0.055 0.001 1 0.5 92.7

4 0.075 0.001 1 0.5 90.1

5 0.045 0.002 1 0.5 94.9

6 0.045 0.003 1 0.5 93.7

7 0.045 0.004 1 0.5 92.1

8 0.045 0.001 3 0.5 93.9

9 0.045 0.001 5 0.5 91.5

10 0.045 0.001 10 0.5 89.5

11 0.045 0.001 1 0.3 79.3

12 0.045 0.001 1 0.4 87.9

13 0.045 0.001 1 0.6 89.0

14 0.045 0.001 1 0.7 80.4

15 0.045 0.001 1 0.8 74.2
Tabl5eSdnsitivity of model wvalidation performance to changes
roughness (n), representing channel resistance to flow; the
inflow magni t udef;f itchiee mtu,t fdomt rcol | ing the gradient and conve
resolution, which determines the spatial representati

Tabl e 15 momdceilc apteersf mosnanserongly influenced by
foll owed by Manni ngdés r oThgeh noepstsi maanl d pgarriadmerteesro
hi ghl i ghtpaddurceksoltthe cl osest spatial correspo
as shown 5n figure 1

Legend

narial park ! Model validation
i

1 ] 0 75 150 300 m
: | R () N Y |

Underprediction

B Overprediction
| B Correct prediction |

Fi gug-Motlel validation comparing the cent0ab%edd EdPmatwen ddr si mu
baseline conditions with the Environment Agency Flood Risk Z
overprediction (red), and underprediction (yellow) are shown
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Mo d e |l validation demonstrates a strong agreem

extents under balsheel inmoed ed d redi teixarmnesn.t i s support
of | ocal residents with reports of inundati on
school

TN (0) 23046
FP (1) 297
FN (2) 787
TP (3) 2709
Accuracy | 0.96
Precision | 0.90

TabléeRdsul ts from the model validation. True positives (TP) 1
negatives (TN) represent areas correctly predicted as not f
predicted as fdtoiodr)d dmdefrplreelinegati ves (FN) indicate areas

predicted (underprediction).
Tablé6ehbws the optimised model 98&lrieecviesd o6 % ac
indicating strong agreement between model |l ed
therefore be applied witdhe pddnfaindle kexd etndsat s aes

scenarios witboand without
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Figure 16 showbpshhbodwaheutremains | argely ¢
shall ow depths and |LiDistdeede pienru nudpasttiroena.m Vgiotnhd i n
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Figure 21 shows at the readBh 33¢wmdAdRy fd ood dep
progression from discrete upst r2e0a2m )p aanod inmogr ei n
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2080), alt hoiufgthemrendads vreeduce aRteshuilghserarreet ur |

summari sed in appendix 19.
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6.4 RQ4
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