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Assessment of hydro-morphodynamic modelling and geomorphological impacts

of a sediment-charged jokulhlaup, at S6lheimajokull, Iceland

Mingfu Guan®’, Nigel G. Wrighf, P. Andy Sleigh, Jonathan L. Carrivick
Water @LeedandSchool of Civil Engineering, University of Leeds, Leeds, LS2 QIKT,

Water @LeedandSchool of Geography, University of Leeds, Leeds, LS2 BIKT,

Abstract: Understanding of complex flood-riverbed interaction proegés large-scale. (field) outburst
floods remains incomplete, not least due to a lack of well-constrained &igldbd hydraulics and sediment
transport, but also because consensus on an appropriate model framework has-yet to.bEhaystedy
presents a novel full 2D hydro-morphodynamic model containing ‘both" bedload and suspended load
capability. Firstly, the model design is presented with an emphasis on its designutate rapiky-varied
sediment-laden outburst floods and also the associated geomorphological .iffpectxlly, the model is
appliedto a large-scaléfield) glacier outburst flood or‘jOkulhlaup’ at Solheimajokull, Iceland. For this real-
world event, model scenarios with only water-and with inclusion of sediwigntifferent parameter setups
were performed. Results indicated that grain size specificationseaffesultant geomorphological changes,
but that the sensitivity of the simulated riverbed changes to the eatigdload transport formulaeere
insignificant. Notably, a positive feedback occurred whereby the jokulhlaup Ednificant net erosion of
the riverbed, producing an increaseflow conveyance capacity of the river channel. Furthermore, bulking
effects of sediment entrainment raised the peak discharge progressively downatresell as the flood
volume. Effects of geomorphological changes on flood water level and flow yelweit significant.
Overall, despite the increased computational effort required with inclo$isediment transport processes
this¢study shows that river morphological changes cannot be ignored for eviensigwificant in-channel

erosion and deposition, such as during outburst floods
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24 1. Introduction

25 Outburst floods or dam break type floods are amongst the most catastroptat metards for human
26  society and infrastructure. Part of the hazard of outburst floods is dudirteesé transport. Glacial outburst

27  floodsor ‘jokulhlaups’ are a sudden onset flood from glaciers and ice sheets, either due to an ice or moraine

28  dam failure, or due to volcanor geothermal activity (Alho et al., 2(1F5arrivick et al., ZOlﬁ)Carrivick and

J

29  [Rushmer, ZO(ﬁDai et al., 2004Huggel et al., ZOOTManviIIe et al., 199p). Field evidence demonstrates

30 jokulhlaups often entrain a large amount of sediment and cause severe in-chanoelagsleposition,

31 owing to high flow energy (Alho et al., 20QRussell et al., 201(Staines et al.,, 2014). In contrast to

32  perennial river flowsa jokulhlaup is usually orders of magnitude larger.in discharge, whiptiesthat
33 within a jokulhlaup the flood-riverbed interaction is more intense. In‘praglaceas, the riverbed generally

34  comprises of poorly sorted sediment materials from coarse particles (norgneatgr than 250 mm) to fine

35 (sand) particled (Alho et al.,, 20QRussell et al., 2010),-hence both bedload-dominant sheet flows and

36  suspended load govern the sediment movement within a jokulhlaup. The entrained sediiehtsttedly

37  affect floodwater dynamics and rheology and riverbed adjustment (Berzi and Jéﬁk)iﬂlxlarrivick et al.,

38 [2011). However, the complex sediment - bed interactions within jokulhlaups are poongtoodebecause

39  of the difficulty of field measurements and the unpredictability of such sudden onset floods.

40 Partly as a reaction to the problem of field measurements, small-scale lab@gteriments (e.g.

41 Carrivick et al., 201f1Zech et al., 2008)) have been conducted and provide fundamental insights into the

42  hydraulics and flow-bed interactions within dam break outburst floods. The shadieshown that gravel
43  particles in outburst floods are generally transported in bedload dominant madgpécific layer called a
44  ‘sheet flow layer’; while the finer particles are transported in a suspension layer. These experiments were
45  performed in small-scale flumes with specific definition of flow conditions amegize distribution. The
46  laboratory work therefore is only a crude model of geomorphological proceskas laige-scale outburst
47  floods, because of the complexity of the real-world topography and flow condgjmatglly varying grain-

48  size distribution, as well as the difficulty in ensuring physical shitylaln recent decades, attention has

49 increasingly been paid to numerical modelling of such flood eyents (Carlimg €01(¢|Carrivick et al.,

50 [201Q) because it can give greater details of the phenomena during an eveanti@tbe captured by field
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and flume measurements. Although the exact quantification of bed change is unatthirmalgh numerical

modelling, the modelling techniquean enhance and improve our insights into rapid sediment-laden floods

(e.g. Carrivick et al., (2013).

In terms of numerical models, which should be informed by field data or experirdatdalto date a

large number of one-dimensional (1D) and two-dimensional (2D) morphodynamic smoatel been

developed to represent erosion and deposition by dam-break outburst|floods (Cao et |dkra2@@4ollo

and Capart, 20(”$uan et al., 201Zech et al., 2008). However

, these numerical models have been limited

to theoretical investigations or to simulating small-scale laboratonefiexperiments. Numerical modelling

of a large-scale real-world flood with river morphology changes indudesvichret al. (2010) arjd Huarjg

et al. (2014), but is still rare despite its being crucial to improving undenstaidigeomorphological

processes with outburst floods and itheomplex interactions. Some fully three-dimensional (3D)

morphodynamic models based on Navier-Stokes equations. have also been reported in recent decades

Khosronejad et al., 200[8himizu et al., 199(

Wu et al.; 200

D). A 3D model can give more detailed

computation of the water flow field, such as inclusion of secondary flows. Howedisgdvantage in using

a fully 3D model is that the computational time is at least an order of magnitude longer thamdeél. The

majority of the fully 3D models were developed focusing on meandering channel floumwer rfear

structures where complex 3D features are exddbilthough there are studies to investigate the possibility

of modelling the bed changes in a natural river using a fully 3D njodel (Fischee-At al., 2008), these are

still quite rare|(Westoby et al., 20114). For engineering applicato28 hydro-morphodynamic modéd

usually adequate. The capabilities of 2D models include the ability to simuldtiedirectional and multi-

channel flows, super-elevation of flow around channel bends and turbulent eddying.afdekaamic

characteristics intrinsic to a jokulhlaup and all types of outburst floods

A 2D layer-based morphodynamic model has been developed and validated against a series of

experimental tests fax noncohesive dyke breagq

h (Guan et al.,

2014). However, this model only &ctount

for uniform bedload, which is only applicable to cases of bedload-dominant &heet Field evidence

demonstrates that suspended load plays an equally important role for j('jkul|hlautn@,((zal1£ Staines

2012). Therefore, building on the bedload dominant sheet flow model (Guan et a1|., 2014), an improved layer
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based model is developed in this study by the inclusion of a suspended load model, and Ing inoludi
uniform sediment characteristicsurthermore, this study applies the hydro-morphodynamic model to the
well documented 1999 jokulhlaup in Iceland, to explore geomorpholocial impacts wighjikiihlaup.
Therefore, the aims of this study af&) to develop a numerical model capable of modelling field-scale
outburst floods with bedload and suspended load, and geomorphological changes, (2) tohexplteets

of the morphological changes withinjokulhlaup on flood dynamics, and (3) to improve understanding of

rapidly-varied and unsteady hydraulics and flow-bed interactions in large-scale gdipsihl
2. Study area and data collection
2.1.  The 1999 jokulhlaup

Jokulhlaups induced by volcanic activity have frequently occurred in Iceland araf tiveam, the July

1999 jokulhlaup burst from Sélheimajokull southern Iceland. The 1999 jokulhlaup dasmved recorded

through field investigationg (Russell et al., Ziraﬂssell et al;, 203{Bigurdsson et al., 2of Gtaines, 2012

Staines et al., 2014), which provides a.good opportunity to develop greater umtiegstaf

geomorphological impacts of a sediment-charged jokulhlaup through detailed numericalingodel
Soélheimajokull is an approximately {8 km. long temperate, non-surging outlet gld@aning the
Myrdalsjokull ice cap belonging to the southern volcanic zone in Iceland (Fig. lagladier surface area
is 78 knf with a snout 1 km wide, and it is slightly over-deepened. A river channeldcadlkulsa &
Soélheimasandi drains_Soélheimajokull which has three main flow sources: (1) Joksjidaull, an outlet
glacier 3 km to the north of Sélheimajokull; (2) the glacial meltwatanfsolheimajokull itself via a 1km
long subglacial tunnel; and (3) the river Fjallgilsa, flowing intolBkulsa approximately 2 km downstream

of the glacier snout.

The flooding process was sudden, short-lived and had high discharge, lasting approxirhat€he6
flood burst initially from the western margin of Sélheimajokull and drainéul a former ice-dammed lake
basin, approximately 3.7 km from the glacier snout thereby filling it (Higocation a). Then the meltwater
overspill from this lake basin flowed into a lower tributary valley, Jokulséargil (Fig. 1bdoch}i Additional

floodwater increased the discharge into Jokulséargil along the westermnoértlie glacier between the
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upper basin and Jokulsargil, and meanwhile shattered glacial ice entered ingargilkulith meltwater

caused by ice fracturing. Additionally, the supra-glacial fracture outletst &km from the glacier snout

also carried quantities of sediment-laden roodwfter (Roberts et al.} 2003). TteriAM@snduit and the

Central Conduit were the two major floodwater sources in the river chanme\Wé&hktern Conduit with 150

m in width was the biggest floodwater source, and the Central Conduit opemedhe centre of the snout
draining the majority of waning stage and post-outburst flooding flow. The floedwathe two conduits

ran together into the river channel, Jokulsa & Sélheimasandi. Some smaller flows exited the easteofi margi
the snout from a small, newly-cut, steep-sided channel and from a series of miaty fmiling across

vegetated hillslopes.
2.2. Data collection and general considerations

The data used in this study are summarised in Table 1. The bed terraires doed after the 1999

jokulhlaup were surveyed in 1996 and 2001 using photogrammetry (Staines et 3l., 2014). Theseadataset

a very unusual asset for this kind of modelling study. Although there are sohteckhgges within the river
channel between the survey year and the jokulhlaup time, it was considered prédenabl¢he bed before

the jokulhlaup rather than a post-flood bed as is often the case in jokulhlaup retomst{{Staines, 2012)

Thus, the 1996 digital elevation model. (DEM) was used as the initial input Wdanagimulation, and the
2001 DEM was compared to-the simulated bed. DEMs errors and uncertainty were assessapabong
grid values with the differential Global Positioning System (dGPShéiida DEM constructed from a 2010

summer LiDAR survey; which'is assumed had no errors. More details about the surveyedveatageien

by| Staines et al. (2014). In this study, the DEMs with two different resou(®m x 8 m and 4 m x 4 m)

were applied in order to elucidate the appropriate balance of computatiooigneffiand accuracy of the

model.

Field observations indicate that the western conduit and the central careltwo major sources from

which floodwater flowedo the river channel. The observations with a peak discharge of 1760mere

made at the bridge after ~1 hour initiation of the 1999 j6kulhlayp by Sigurdssdn(2000). The peak

discharge was reconstructed to be 406 by]Russell et al. (201H)). Staines (2012) pointed out that the peak

value 4000 riis was rather high and defined a hydrograph with 40% of the dischammettie central
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conduit and 60% from the western conduit (Fig. 2) which savgsod-fit to the observation¥hus, this study

used the input hydrograph provided by Staines (2012) as the model input hydrograph.

Based on the field observations, the sediment material in the channel is constitatgdus grain-sizes

from fine granule to coarse boulder (Russell et al., P&tAines et al.,, 2014). The size fractions are

summarised in Table 2 and include boulders, cobbles and granules. The median diameters fee the thr
fractions differ significantly, and the distribution in reality is gergrabatially varying.~Grain-size is
considered to be an uncertainty factor for morphodynamic modelling due to the gificektimating the
grain-size in a full-scale channel, and there are no proposed sediment tragaptans for the transport of

such coarse boulders. Also, the proportion of coarse boulders is small. Consequently, an appropriate
simplification is made that only the sediment fractions of granules andesokldre considered in the
morphodynamic modelling. The proportion of both fractions was initially gass0%. The updating of the
proportion of each grain-size at each grid cell was calculated usingethedrdescribed in section 2.5. To
explore and emphasize the importance of grain-size on modelling resultsownesed a single size fraction

(d =40 mm and & 80 mm) for two runs.

Many studies have reported thistanning’s roughness has significant effects on the modelled bed

morphology, flow discharge and timirjg (Huang et al., 2[Nidholas, 2003 Staines and Carrivick, 20[L5)

Some studies used a constant Mapisinalue varying from 0.04 to 0.06 in proglacial areas comprising sand

to cobble sized materials (Alho et al., 2()@Baines and Carrivick, 20[L5)o estimate the Manning’s value

this study used the Manning-Strickler equationr= 0.038d;{)6 which is used to reconstruct the hydrograph

of the 1999 jokulhlaup in the study area by Russell et al. (2010).

3. Hydro-morphodynamic model
3.1. Conceptual model structure

This study uses a layer-based conceptual model. The model which includes bedload has beed develope

and validated by Guan et al. (20[L4). As field evidence shows, the riverbed in thsistudycomposed of

grains with a wide range from fine granules to coarse boulder. The jokulhlaup can riotioog/the coarse
particles in motion (bedload), but also entrains plenty of fine sediment panticglespension because of the

6
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high bed shear stress. Therefore, the bedload dominant sheet flow model mightdagriisimulating the

whole range of geomorphological processes within the jokulhlaup. A suspended loadisnodelal to
reconstruct the physical processes more appropriately. In this regard, the mddalthée study extended

the layer-based bedload dominant sheet flow mbgéhcluding an additional suspension layer. The model

is a two-dimensional numerical model based on full shallow water equations for unsteadyriessibie

flow conditions. The main advantages of the model are that it calculates the natocély wdifference
between the sheet flow layer and the mixed flow, and simulates the bank erosion<as well. The deptth-averag
2D model was preferred because it has a higher computational efficienc3oweodelling, and horizontal

flow conditions were expected to predominate over vertical flows.
3.2. Hydrodynamic model

The 2D shallow water equations are solved using a Godunov-based finite vokihw ras in many

existing flood models (Begnudelli and Sanders, ﬂ@mﬁn et al., 201pvillanueva and Wright, 2006). The

governing equations are extended with the incorporation of 'sediment transpodaodrsideng the mass

and momentum exchange of flow and bed. Based on the morphodynamic model proposed in previous work

Guan et al., 2014), the mass and momentum equations with sediment effectstamneimwriector formas

follows:

NivrF=s 1
3% = (D

whereU is the vector of conserved variabless the flux vector function anflis the vector of source terms,

andV= 1(d/dx) 4+ j(3/0dy) is the gradient operatdd, F andS are

. hV
1,9
Uz[hu, F = |V + 5 gh% @
hv hvV+%gh2f
[h(—aﬁ—s )+Aﬂ%(a(zl— ) — ) — I _g |
S=|g ax fx p ot p 2p dx ad | 3)
] Apv @ Apgh? ac
lgh(—ai;—sfy)+$§(a(1—p>—6)— 5y~ Sad
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where h = flow depth (m);,z bed elevation (m); = water surface (m); w; = thex andy components of
flow velocity respectively (m/s)Y is the velocity vector defined By = ut + vj; p = sediment porosity
(dimensionless)C = total volumetric concentration (dimensionlesg)p, = densities of sediment and water
respectively (Ms); Ap = pspw; p = density of flow-sediment mixture {s); S, S are frictional slopes
based on Manning’s coefficient in X andy direction (dimensionlessy, = uf/u = sedimento-flow velocity

ratio (dimensionless) which represents the velocity difference of lower bedload transport aixedhiom,

the relationship defined by Greimann et al. (2008) was used as shown in Bg.{@)the“additional term

vector related to the velocity ratiodefined by Eq.(5).

_ U 1.1(6/6r) %" [1-exp(=56/6,r)]

. L (4)
Sad = Syl + Sp] = %(1 — &)[CV - (hV) — (RV)V ] (5)

where 6, 6, represent the real dimensionless bed shear.stress, and the critical Shielésepatain the

sediment concentration vector definedy: C(@ + ).

3.3. Sediment transport model

3.3.1. Sheet flow load

Sheet flow is conventionally referred to as bed-load transport occurringhhabbitpm shear stress
Sheet flow load generally has highly concentrated sediment in a layer near théthhedtimickness of

several times the sediment grain size. The velocity in this layer isybknadr than the main water velocity

Pugh and Wilson, 19£ﬂ$umer et al., 1996). To account this, a velocity difference coeffigienincluded

in this study. The mass conservation equation of the ith size class in shektykr is written considering

the velocity ratiax by the following equatiofp (Guan et al., 2014).

OhSyp; ohuSp; OhvSy; a(qp; — Fiqp«i)
+a +a -

ot dx ay L; (®)

where §=volumetric bedload concentration of the ith size clags; pal sediment transport rate of the ith

fraction; g+ = sediment transport capacity of the ith fractionsLnhon-equilibrium adaptation length of
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sediment transport of the ith fraction, fepresents the proportion of i th grain-size fraction in the total

moving sediment.

Although there are a number of bedload transport formulae which were empiricgdhspd based on

laboratory or fieldwork datasets, none can be universally applied to congilesal rivers due to the range

and varying distribution of grain sizes. As suggested by Guan et al. [2014), thiscbioles the

combination of the modified Meyer-Peter & Miller formula (MPM) (Meyer-Patet Miller, 1948) and the

Smart & Jaggi formula (SJ) (Smart and Jaggi, 1983) based on the bed slopes. &sutacy of the

formulae has been considered to be poor, several other commonly-used formulaeénatinecliwere also

selected to conduct a sensitivity test. The bedload transpois vatigten by:

Apsi = cp\/g(ps/pw - 1d} (7)

whereg is determined by the following five selected formulae:

¢ A combination of MPM and SJ:

¢8(9i - ch,i)l.s o< 50 < 0.03
Q= d 0.2 ni/6 8
4(722) s NS0, 0.2)0%(6; — 6cr,) S, 2 0.03

* @ =8(0; — 6. )" for MPM

o @ =126;"" exp(—4.56;,1/8;) for C&L (Camenen and Larson, 2005)

s @ =136;""exp(—0.05/8;"*) for C [Cheng, 2002)

s @ =126,">(8;= 6¢.,;) for N [Nielsen, 199p)

where $is bed slopef.; is critical dimensionless bed shear stress of i th fracfjosthe dimensionless bed

shear stress of:i'th fraction. The non-equilibrium adaptation length is calculated by

hvu? + v? _ h 1-p
L; = ———— withy = min (a—,—) (8)
YWy hy C

in which, hy is the thickness of sheet flow layer is the effective setting velocity of sediment particle which

is estimated using the formulation with hindered settling effect proposed by Soulsby (1997).




219  3.3.2. Suspended load transport

220 The advection-diffusion equation has been widely used for suspended load rlnodetsckOarral.,

221 |201Q(Wu, 2004|Yang et al., 2015) because of its accuracy in calculating the propagation roEsedi

222 concentration ira water body. This study utilised the depth-averaged 2D advection-diffusion equation f

223 suspended transport as:

ahSl ahuSi ahvSi 0 aSl 0 aS
+ = (sx ) + 3y (ey

i
at + O0x dy Ox Ox h 6y> + Sgi — Sp,i 9

224  where $= volumetric suspended load concentration of the ith size class; étrainment flux of sediment
225  of the ith size class;pp = deposition flux of sediment of the ith size class;e, = turbulent diffusion

226  coefficients of sediment in the x and y direction. The first and secomg. tam the right hand side of EQ.(9

227  represent diffusion terms. Bohorquez and Ancey (4015) reported that sedimenbriffas induce bed

228  instabilities and thereby provoke bed formation.

229 In Eq.(9), the entrainment flux and deposition flux. for.sediments are two vital @@msnior updating
230 the bed elevation, because both factors directly. determine how much sedierrained and how mugdh
231  deposited. However, a complete theoretical expression does not exist for the fiukes.study, a widely

232 used approach is adopted (Wu et al:;2004):
233 Spji = Wf,iSa,irSEi = Fiwr iSae,i (10)

234 where §=0 S is the near-bed-concentration at the reference level a which refersdeptineof the sheet

235  flow layer; the definition.of the coefficientbyl Cao et al. (2004}) is used@s= min{2.0, (1 — p)/C}; Seiis

236  the near bed equilibrium concentration at the reference level determined bypineaérequation of vam

237  Rijn (1984); the fraction coefficient; ks defined in section.8. The deposition flux is represented as a
238  product of the effective sediment settling velocity and the near-bed concenstatie reference level. The

239  near bed equilibrium concentration is given as:

15
4T
a d®?

240 Sae; = 0.015

(11)

(ufi_uzicr) :
241 T; = ———; a = min[max(u6;dsg; 2dsy; 0.01h),0.2h]

Usier

10



242 where Tis the transport stage parameter;=u(¢®/C’)u is bed-shear velocity related to graing;i<the

243  Chézy-coefficient related to grain; 4 is the critical bed-shear velocity.

244  3.4. Morphological evolution model

245 Erosion and deposition is calculated per grid cell at each time step to update the new bed elevation on the
246 basis of the results from the hydrodynamic model and sediment transport model desibobedThe

247  morphological evolution for non-uniform sediment material is calculated by:

N

0z 1 (@i — Fiqpsi)

— = Spi — Sk 12

at 1_pzl[ Li + D,i E, ( )
=

248  where the parameters on the right side are calculated according to the equations in pitiooss se

249 3.5. Model consideration

250 The above coefficient Frepresents the proportion of i th grain-size fraction in the totahsediin

251  motion. It varies with time so; ks updated at each time step. The updating of bed material composition is an
252  essential process for non-uniform bed aggradation and degradation. Among theagsifiectllayers in the

253  model, it is the active layer that participates in the exchange with meeifignent. There are several bed

254  material sorting models available in the literature; the approach presem®@d (3004) ¢ adopted in this

255  study. The method divides the bed material above the non-erodible bed into seeesalllag top layer is
256  the mixed layer where the exchange with the moving sediment occurs. Thiowaof bed material

257  gradation in the'migdlayer is then updated at each time step.

258 Since the grain-size in the study domain varies greatly, the hiding/expeféerts between particles
259 and particles are important for the incipient motion and settlingdifnemts. Thus, this study accounts for
260 such effects in the estimation of the threshold for sediment incipiendbmmdtiood-induced erosion within
261 the main channel can cause further bank erosion. Also, the simulated morpholagig&breean generate
262  an over-steep bed which is naturally unstable. To address this, this study atilsetk failure model
263  developed by Guan et al. (2014) to update the unstable newly deformed bed. The moddfeusat di

264  critical bed angles and re-formation bed angles above and below the water. Both théaratusediment

11



265 incipient motion and the bank failure model are given in details by Guan(0a#) and so for brevity are

266  not repeated here.

267 The 2D hydro-morphodynamic model system consists of Eq.(1), Eq.(6), EQ.(9) and Eap (2% |

268  study, a second-order Godunov-type finite volume method (Guan et al|, 2014) ie sebaktthe improved

269  hydromorphodynamic model considering both bedload and suspended load. A variable time step At, adapted

270  to local flow conditions, is calculated at each time step by the following equation.

_ . . dx; . dy;j
271 At = CFL min (mm Iuil+\/ﬁ'mm |Vj|+\/g_hj) (13)
272 As the numerical scheme is explicit, the restriction of Courant number 0<CFL<iplé&nented for

273  the calculation of flow sediment transport, and bed change. The«inclusioriofesé transport model
274 requires the reduction of the CFL number to maintain the model stability, which incteasesnputational

275 time.

276 4. Results and discussion

277 4.1, Sensitivity of grain size

278 Table 3 shows the simulated extent of-bed erosion and deposition for the thegéososith different
279  grain-size inputs. It indicates that the total bed change area ikr@°5ar the mixed grain-size (the mixture
280  of granules and cobbles‘shown in Table 2) which is larger than the bed change aremof 20081= 40

281 mmwhilst the extent of bed change for 80 mm is the smallest for the three casg®nly 1.60 km. Fig. 3

282  demonstrates the spatial distribution of the simulated bed erosion and depasitierriver channel. It is
283  clearly shown that the extent of bed change for8® mm is much smaller than that for the other two. The
284  extent of bed change for the mixed grain-size input is the broadest imgbe#ses. Although the maximum
285  depth of erosion and deposition do not differ from each other greatly, the simwléth mixed grain-size
286  predicts more erosion and deposition within the channel than other scenarios. For example, in the highlighted
287  circular area of Fig. 4, erosion and deposition hardly occur for the scenarid wiB0Omm, yet, we found
288  significant erosion and deposition with the input of mixed grain-size. Thera emuple of reasons causing

289 thesedifferences. First, a different grain-size estimates a differeminMg’s roughness which affects the
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calculation of bed shear stress. A more important reason is that finer segemigcies hae a smaller
settling velocity, and higher dimensionless bed shear stress induces the firesparto motion more
easily, even with relative weak flows. The results imply thaaf@al flood over non-uniform bed, the use of
asingle grain-size might cause over-/under-prediction of morphological chahigesetessary to adopt the
appropriate representative fractions of grain-size which can reflect the ragnditions as realistically as

possible.
4.2. Sensitivity of sediment transport functions

Fig. 4 plots the simulated temporal change of bed erosion and deposition vdunmngsthe flood as
modelled with different transport formulae. Fica ihdicates that the overall trends for the five runs are
similar, with all increasing rapidly before the peak stage of t = 2 hours and th&nngan approximatg
constant value. However, the deposition volumes differ from each other. The differehé@>a6 m® is
12.1%. The plot of the erosion volumes shows more significant differences with a meafue1x16 m?,

i.e. about 21%. The bed changes simulated by the formulas of MPM and C&L litiellySrom each other
The formulas of C, N and MPM&SJ led to more severe erosion and depak#dioMPM and C. Fig. bt
shows the total area of simulated net.sediment erosion and aggradation. It isnnBigd4b that both
erosion area and deposition area_ are influenced only slightly by the sedimentrtréorsmdae. The areal
extents of the total bed changes for:the five runs are also foundstmiter with a difference smaller than
1%. The sensitivity test in this section reveals that the empirical trarigpotions can affect the magnitude
of net bed erosion and-deposition, but qualitatively, the sensitivity of bedecfeatgres to these functions
is slight. It should be noted that the sensitivity tedbigxplore the effects of different existing empirical
bedload functions on simulated results, it does not account for the unceféaitas such as the critical
Shields<number, the probability of sediment entrainment as bedload and suspended load, amd particl
diffusivity etc. The slight sensitivity verified here does not impigttthe simulation results by the model is
as accurate as the real field observation, but means that the model is sigyiéiffacted by the choice of

empirical transport functions.
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4.3. Implications of DEM resolution

Higher resolution topographic data can represent geomorphology more accurately, buexpetise of
increasing simulation time. To examine the appropriate balance betwsetwbédactors, bed topography at
two resolutions (Run 1: 8 mx8 m and Run 2: 4 mx4 m$tested in this study. Table 4 indicates that the
simulated total erosion and deposition volumes are 7°8w1and 5.9x10m?® respectively for Run 2, while
for Run 1, the total erosion and deposition are 7.2mf@nd 5.5x10m°, respectively. The differences for
erosion and deposition are 0.4%h (4.4%) and 0.4xT0n°(5.8%), respectively. At the cross section x =
332908.86an close to a bridge which is located in the middle of the channel, it.is thanhthe difference of
the maximum water level is just 0.08 m. Furthermore, the simulated temporalavaiuboth erosion and
deposition volumes have a similar trend of increase and then tend to.a consnBu#i total erosion and
deposition volumes are very close before 1.5 hours; but at later times, boigtdhe Isirger for Run 2 than
those for the Run 1. Fig. 5 (a, b) demonstrates that the spatial pattern and extent of the erospmsitiod de
for the two runs are in general similar, and both runs predict the maxarasion and deposition depths
with a slight difference. Fig. 5(c) shows that the difference of Run 2 and Runutsoacross the whole
channel. However, we found both mean +/- differences are smaller than 0.2 m. Tiseimdgute that the
DEM resolution slightly affects the simulated spatial distribution of bed chambesis because the finer
resolution DEM represents the bed terrain with more detail, thusirtheated flow conditions (velocity and
water depth) will be slightly different. However, the computational timehi@finer resolution is higher lay

factor of over four than that for the coarser one.

In summary, whilst topography is very important for defining the transientenaif outburst flood

hydraulics ‘'and geomorphological change (e.g.(Carrivick et al., 2013b)), the ingpigcafi varying input

topography resolutions in this study shows that: (1) the simulated net bed erositapasition for the finer
4 m x 4mresolution is slightly more severe than those for the coarser 8 mx8 m @bNbth the simulated
bed change have a similar pattern and extent; however, (3) the computationalrtiime finer 4 mx4m
DEM is four times more expensive than that for the coarser 8 m re8olution; (4) so the coarse resolution

of 8 mx8 m is sufficient for the geomorphological analysisihere
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4.4. Multiple effects of sediment transport

Sediment transport entrained by outburst floods has the potential to affefftobwhéydraulics by
modifying the flow density, the flow viscosity and the turbulence regime.dJ¢he frontal wave speed, the

flow velocity as well as the flow depth will be altered considerably tdude incorporation of sediment

transport in flood propagatign (Carrivick et al., ZTEEEIaccaroIIo and Capart, 2(112ech et al., 2008). In this

section, the effects of sediment transport on flood propagation are discussed and analysed fromitiaé numer
modelling of a large-scale (field) event. In order to achieig thvo scenarios are modedl hamely a clear

water flood without sediment transport (denoted Run 1);zawdter-sediment mixed flood with sediment
transport (denoted Run 2). The two scenarios are compared via flow discharge absthesection
(x=332908.86) near the bridge and the water surface at a gauge (332908.86, 480099.78), as shasvn in Fig

It reveals the following key points.

» The peak flow discharge at the cross section x'= 332908.B&reases slightly by 22 #s (1%)
from 2111.5 n¥s to 2133.5 rifs. Also during the flood period, the volume of the sediment-laden
flow through the cross section is about 2:09x1f, while the fluid volume is approximately
2.02x10 m®. The incorporation of'sediment transport leads the flow volume to increase by®7.0x10
m®. This manifests the bulk effects-of sediment entrainment within sediment-ladels.fDuring
the outburst flood, the total-erosion volume is about 7.2rfp and the deposition volume is
5.5x10 m®, i.e. a net riverbed change with a volume of 1.9%df occurs during the whole flood
period. The modelled net loss clarifies the source of the increased flow voltnire thve sediment-
laden flood.

* The water level with sediment at the point (332908.86, 480099.78) is smaller thamithiwait
sediment throughout the flood period apart from a short initial stage, because the skdiarent
flow arrives at the location earlier than the clear water flood. Thee@serof water level in the
falling period is particularly significant.

* The water depth against time at the gauge point is also changed greatly due taihenimélin-
channel erosion and deposition. Specifically, the maximum water depth with consideshti

sediment transport is approximately 3.45 m, Quttarger than that without sediment transport of
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2.98 m. The water depth becomes smaller after the peak flow dischargeesidtaof the bed
deformation caused by the flood;

* As expected, the arrival time of the peak discharge at the cross sectionnf@ iRwonsiderably
shorter than that for Run 1 (Table 5), the time difference is 7.2 minutes. TVz timie of the water

front is also decreased by about 2.6 minutes due to the incorporation of sedansport. The

faster propagation of waterfront and peak flows of the flood has also been folBtdifbgs and

Carrivick (2015), who conclude that a morphodynamic model advanced flood arrival akd pe
discharge times by 100% and 19% over hydrodynamic model. The simulated arrivaf fieak

flow to the bridge is about 1 hour 13 minutes, which overall agrees with thededdone by

Sigurdsson et al. (2000) and with the investigatioT by (Staines| 2012).

In summary, the outburst flood changes the bed terrain, which. altelsdbedf/namics, such as the water
level, the water depth and the flow velocity field etc. Fig. 7 shows that: tiegeti€es of the minimum bed
elevation have positive values and negative values (63.3% and 36.7% respeiotivalyse of the erosion
and deposition caused by the jokulhlaup; the maximum water surface and maximumegtitdodRun 2
are significantly smaller than those for Run 1 at most cross sections (89.8% and 8fek¥tvedg). Table 6
shows the statistics of the simulated results for the two runs. The water levelduared due to inclusion of
sediment transpoih an area of approximately 3.@8v, whilst the water levels are raised in an area of only
0.76 knf. The water depths decrease and increase in an area of approximately 2.&8dki11 krf
respectively. In addition, the flood submerged area simulated by Rsialdout 0.34 krlarger than the
submerged area for Run2.

Fig. 8 illustrates the flow velocity fields of the two runs at thekpgage of t=2 hours. In overview both
flow fields:show similar patterns in terms of the regions of high velocityl@andvalue, yet the absolute
magnitudes appear to be differeBpecifically, the surface of flow velocity field shows a smooth contour
distribution for the sediment-laden flood, whereas some fluctuations atdbe isurface of the contour
distribution for the clear water flood. This characteristic is also showreispatial distribution of the water
depth in the river channeClearly, the changes in flood dynamics are caused by in-channel erosion and

deposition due to the rapid flooH.is inferred that the flood water induces sediment transport, creating a
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smoother topography and thereby improves the flow conveyance capacity of the river clvaiaein
return enables the flood to propagate faster. Incorporation of sediment trgnepaotes a faster (shorter)

arrival time of the water front and the peak flow discharge.
4.5. Erosion and deposition

The 1999 jokulhlaup eroded and carreedonsiderable amount of sediment, causing rapid bed change
(e.g. Russell et al. 2013). However, it is quite challenging to quantifyolbene and the rate of bed erosion
and depositiorat both temporal-scale and spatial-scale by physical measurements: in the field &uasell
2013). Therefore this study presents further understanding of these processes tigatdeaved from the
applications of a morphodynamic model. To verify the capability of ‘the model inictingd
geomorphological changes, the differemieDEMs (DoD) before (1996 DEM) and after (2001 DEM) the
1999 jokulhlaup was used to comp#wehe simulated riverbed/changes, which is demonstrated in Fig.9. It
indicates that the simulated spatial pattern of bed erosion and depasitiogeneral agreement with the
difference of DEMs before and after the flood. For example;'in the highlighted circle zones of Fig.9¢a,b), th
location and magnitude of bed changes are properly simulated, which agrees with themeasiairly
well and is not just limited to the circular areas but in otheionsgof the channel, where and how river
morphology changes are reasonably predicted. Inevitably, there are some discrepancies tetwe
measured and the modelled in terms:of the depth in erosion and deposition. The measuremerds thigow t
riverbed is changed in“a wider area. The difference between the DoD and theedhadslilts is
demonstrated in Fig.9 (€).« The mean difference between the two is in the rar@&8&h{-0.92m), which

means only two-boulder diameters (diameter of a boulder is 0.4 m). The differe¢heevolume and depth

of bed changes is attributed to several uncertainty factors as investigateaneg $2017). First, the time

scale between the measurement and the simulation is different; the time intemedrbéte two DEMs
before and after the flood is ~ 5 years, yet the simulation time iscomburs for the flooding period. There
must be geomorphological activity during the 5 years which is one of theaintied in this study. Second,
the jokulhlaup can carry a large amount of sediment materials from upstredah ajl@as, but it is difficult
to quantify the accurate volume. Furthermore, the empirical parameterisation forimpadetay influence

the simulated results, such as Menning’s value, the empirical transport rates, entrainment and deposition
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fluxes. Fig. 10 plots the comparison at four cross sections to further demonistrasgreement and
difference between the measurement and the simulation. It can be seen that tlegirhedelgrees with the
surveyed bed after the flood very watlCS1 and CS3, while significant differences are found at some parts
of CS2 and CS4. As discussed before, the difference is caused by the unceitaithiéesnodel and its
parameters. Overall, the present model is capable of predicting reasonably wherewatide triver
geomorphology changes during the 1999 jokulhlaup, which gives confidence for fugbssmsnt of the

geomorphological behaviours within the flooding.

From the final spatial pattern of net bed change, it is seen that the modelled outburst flood caases eros
and deposition to occur in the main channel, and both are more severe.in the narrowef tteaclver,
because the water depth and flow velocity are higher in the narrower channesimgctea bed shear stress,
which induces more sedimeritto motion. To further demonstrate flood-induced scour, Fig. 11 plots the
bed topography of a reach near the bridge before the flood, at.the peak stage and after the flood.€ghe chang
during the three stages clearly demonstrate that the main channel is expantie@rdsion. The temporal
evolution of the total erosion and deposition volume, as well as the net erasisimoam in Fig. 12. Points

of note, are that:

(1) the total erosion volume acecumulates and increases rapidly in the risingopttasdlow discharge
as a result of the more intense bed shear stress, and the entrained sedimerihéoacter body then re-

deposits withira certain transport distance;

(2) during the peak flow stage, the total erosion and deposition volumes incoasiseally, and after

2.5 hours, both tend to reagh approximate constant value;

(3):the volume of net change (erosion minus deposition) steadily incredsalevinundation time, i.e.
increasingly more sedimerst entrained into the water body, which must increase the total fluid volume; this
outcome implies the bulk effects of sediment entrainment as shown in Section 4.4(dpavehe flood

recession limb, bed changes are weakiavith slightly bedform development.

In this jokulhlaup, the final deposition volume is modelled to be approximately 588 Hhd the total

erosion volume to be about 7.4X1@. The net riverbed change is 1.9%t, which indicates how much
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sediment was transperinto the downstrearseaalong with the jokulhlaup. The majority of the bed erosion
and deposition occurs within approximately 2-3 hours of the flood initiation;ecedy, bed scour rarely
takes placen the recession limb of the flood. To demonstrate the sediment-laden flood inunmatiess,
Fig. 13 illustrates the water depth and the resulting spatial paftérd changes at several indicative time

steps. In summaryhis sub-set of results indicates that:

* the outburst flood causes rapid geomorphological change; the bed degradation addtiaggr
mostly occur in the initial 2-3 hours when the flood is increasing,
* net erosion occurs within the flood, and erosion increases progressively with inundaeioznti

* the narrower the initial channis| the more severe the flood-induced.bed erosion and deposition.

In order to show the changes of flow conveyance capacity due to bed erosionrand deposition, Manning’s

equationis used to estimate the discharge capacity of an open'channelfollowing Pepper and Ricke1rd (2009).

B AR2/3\/Z

¢ n

where: Q = discharge capacity (iis); A= area of cross section of flow{R = A/P = the hydraulic radius,
(m); P = wetted perimeter of the channel cross section (m); i = hydgraticent (usually approximatedxy

the longitudinal slope of the channel). The tetfiyn, could be approximately considered to be unchanged
before and after the flood. Thus, the changes of the flow conveyance capacity can be apgyotdRen as
Aand P. At a single cross section, net erosion can lead to a significant increase of A, but theevirsibéel p

P is only slightly affected, resulting in an increasé\R*>. Net erosion increases with the inundation time
(Fig. 11). The final net eroded volume reaches 1.9xf0 This outcome implies that the flow conveyance
capacity of the river channel will be raised with the net increase obarimsthe channel, which also gives a
reason-why the flood propagation is accelerated by the inclusion of sedimepoitrahsing the outburst

flood.
4.6. Wider discussion

Here we suggest that whilst the exact prediction of bed change is stiiioabke, the application of

numerical models can enhance and improve insights into real-world outburst flodotsthviguantitative
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analysis and qualitative assessment of the model outputs. Additionally, since anyoatpdeladmittedly
has uncertainties, this study has sought to determine the sensitivity of aton@geksentations of the major

morphodynamic processes.

\Al

The previous theoretical, small-scale numerical and experimental studies (Bohorquarand2Al

Cao et al., 2004Carrivick et al., 201fl) have provided fundamental insight on the complex inb@racti

between outburst flows and movable bed. However, these studies have unknown representation of
geomorphological processes within large-scale (field) outburst floods)deeemongst other properties the
real-world topography is generally complex, the real-world grain size distribigtigpatial varying, and the
real-world erosion and deposition in outburst floods occurs vertically aedhllgt From a spatial-scale
application, tis study found that the effects of sediment transport on. flood dynamics werecsighdind

must be treated within outburst flood modelling (Fig. 6-Fig. 8).-Thesenfisdigee with recent studies that

have also investigated the effects of morphological change on flood dynamiceadaley e.g. (Bohorquéz

and Darby, ZOOﬁiLi et al., 201T|Wong et al., 2014). Wong et al. (2014) reported that the inclusion of bed

elevation changes appeared to alter flood dynamics locally, but that it wasgnificant for flood
inundation, so hydraulic models do not need to account for morphodynamic changes within events
However, the study only considered bed erosion, and neglected deposition, which according to tigs findi
of this study cause effects on flood hydraulics that are far greater tharofion. Furthermore, this study
has indicated thatdw bulking effects due to sediment entrainment can influence flood propagatibthis

is a property of outburst floods that is not explicitly considered in the study of Alaad2014). Li et al.
(2014) showed that very strong bed erosion and the decrease of bed thaido bed change led &m
increase of peak-flow discharge within hyperconcentrated floods in the YRil@r. Yet, in the study by Li

et al. (2014), the flood dynamics and geomorphological processes within f@wdsnot identified The
results presented in this study demonstrate that both water surface and wétext deptpeak stage were
reduced in most areas of the river channel with consideration of morphological chtdregdtyod
propagation was accelerated notably, peak flows in particular, and thevelateie was increased because
of sediment entrainment. The inundation extent was slightly affected by morphbldggrmes for the

specific case (Table 6) in general agreement with the finding by Wong (@0a#). We also found that
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morphological changes caused river channel adjustment conducive to flood propagatidi?)Fighich
reflected the effects of sediment transport on flood dynamics. The fundamentaisréhat sediment
transport affects flood dynamics can be summarized as: (1) sediment entrainmtg fltodwater and the
rheology of sediments increase the density of the fluid flows, thereby simgethe flow mass and
accelerating flood propagatip(2) the flood-induced net erosion enhanced the flow conveyance capacity of
the river channel, which is elucidated above in Section 4.5. All these resalflygimproved the

understanding of the importance of geomorphological changes within inundation modelling.

In this study, the morphodynamic model has quantified the spatio-temporal bed degradation and
aggradation, including spatial patterns, volumes and rates, caused by the 1999 jokaltiiaugh there is

a discrepancy between the modelled landscape changes and the:DoD_because of the umibeeain se

activity during the long-time interval (5 years) for measurements befatafter the flood (Staines, 2(12)

the morphodynamic model predictthe landscape change pattern in general agreement with the measured
pattern. This gives confidence in the assessment of geomaorphological impactsthirirdi®99 jokulhlaup
guantitatively and qualitatively via the morphodynamic model. Future studiesseatne model presented

herein to assess flood-induced geomorphological changes in the context of annual aral season

catchment sediment fluxes and geomorphological activity|(e.g.(Carrivick &04aBa). In the modelled

jokulhlaup, the geomorphological changes were more severe when the flood was atgledgeak stage.
The temporal change of total erosion and deposition volume within the outburst floeaseat rapidly on

the rising limb and was slowed down in the flood recession. Thisveetaining of geomorphological work

was also reported in the study pf (Carrivick et al., 2010). Additionaly, found in this study that

geomorphological adjustments by an outburst flood can modify bed friction whichh&i new topography
can further.alter the dynamics of subsequent floods in flood sequences. This hasltbedaiportance and
necessity for river flood modelling to consider the associated geomorphologpeadts. In summation, the
prediction of both hydrodynamic and morphodynamic aspects of outburst floods can proviaeleval

information for flood risk assessment that hydrodynamic models run over a fixed bed cannot
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5. Conclusions

This study presentea 2D hydro-morphodynamic model designed for outburst floods which consider a
bedload and suspended load, non-uniform sediment grain-size distribution effectsppeeeffdcts and
different velocities for each vertical layer. A large-scale volcano-indi@éethlaup fasbeen reproduced by
this model. Comparison with the surveyed landscape change has indicated that the mapbles of
predicting geomorphological changes due to a jokulhlaup reasonably Beskéd on the. results and
discussion presented abowbe study improved understanding of geomorphological. processes within the

1999 j6kulhlaup and the effects of river channel changes on flood dynamics.

In this study of the Sélheimajodkull flood, it has been calculated that @ éamgunt of sediments of the
order of 10 m® transport occurred during the jékulhlaup. The net change (minus) occurred durirfgptee w
flood period, and the net volume incredalong with the flood (Fig. 12). It was also found that bed changes
were more active in the rising limb during which over 75% bed changes were finished. Tleeqsiak rate
and deposition rate occurred at the peak stage. In the falling limb, therenhaslight bedform

development, but both total erosion and deposition volume did not increase greatly (Fig. 12).

More widely, it has firstly been confirmed that grain-size significantly affects the ggamological
changes because of the resulting’ effects annig’s roughness and bed shear stress. This suggests that a
representative parameterisation of spatially varying grain-size is eftatidrphodynamic modelling of real-
life floods with geomorphological changes. For numerical modelling, althoughctugaay of sediment
transport formula_is generally considered poor, the features of riverbed chamges gireatly influenced by
the choice of formulae. The influence of DEM resolution is also insignificaquantifying outburst flood

dynamics and geomorphological changes.

Secondly, the analysis has verified that the net change (minus) during arstofitlmal can lead to an
increase of the flow conveyance capacity of the river channel, and the in-chanmetataeduce the
Manning’s value. This implies thaflood propagation becomes ‘smoother’ or ‘easiet due to rapid river
channel adjustment. This is why the inclusion of sediment transport and geomaigaiotdmnges
accelerate the inundation over the hydrodynamic modelling over fixed bed. Effects airgkological
changes on flood dynamics are also apparent in water levels and water ddpthther river channel that
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are mostly reduced for an event where net erosion occurs. Furthermore, the buliétey adfintense and
voluminous sediment entrainment increase not only the flow volume, but alsdotirestream peak
discharge, and the increase rate is dependent on how much sediment is entrained to floeffecfThfs
morphodynamics is very important because water levels, peak flow, and ¢heftflnod are the generally
preferred important indicators for flood risk assessment. Therefore, a imgjccation of this study ishe

verification of the significant impacts of geomorphological changes on hyckadiuired for flood risk

assessment during an event where erosion and deposition is severe.
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