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Abstract

The 1999 jokulhlaup at Sélheimajokull was the first major flood to be rabtedigh the proglacial system in
over 600 years. This study reconstructed the flood using hydrodynamic, sediment tramgpoorphodynamic
numerical modelling informed by field surveys, aerial photograph and digital ielevabdel analysis. Total
modelled sediment transport was 469,800(#i- 20 %). Maximum erosion of 8.2 m occurred along the ice
margin. Modelled net landscape change was -86,400+m 40 %) resulting from -275,400°%nf+/- 20 %)
proglacial erosion and 194,400 if+/- 20 %) proglacial deposition. Peak erosion rate and peak deposition rate
were 650 s (+/- 20 %) and 595 8" (+/- 20 %), respectively, and coincided with peak discharge of water at
1.5 hours after flood initiation. The pattern of bed elevation change during thelinginguggested widespread
activation of the bed, whereas more organisation; perhaps primitive bedform dexatippoturred during the
falling limb. Contrary to simplistic conceptual models, deposition occurrech@rrising stage and erosion
occurred on the falling limb. Comparison of the morphodynamic resudtBytdrodynamic simulation illustrated
effects of sediment transport and bed elevation change on flow conveyance. The morphodynamic mode
advanced flood arrival and peak discharge timings by 100 % and 19 %, respectivelyei@&eak flow depth

and peak flow velocity were not significantly affected. We suggest that morphodypanaesses not only
increase flow mass and momentum but that they also introduce a feedback ety flood conveyance
becomes more efficient via erosion of minor bed protrusions and deposition thetoinBubdues minor bed
hollows. A major implication of this study is that reconstructionsowtburst floods that ignore sediment
transport, such as those used in interpretation of long term hydrologgoatl and flood risk assessments, may

need considerable refinement.
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Introduction

Jkulhlaups (glacier outburst floods) are a sudden outburst of water from a gtanie¢. These high-magnitude
yet relatively infrequent floods can be effective agents of subglacial amghpial erosion and deposition,
causing intense and widespread geomorphological change (Baker, 1996; Bjérnsson, 200k, Qa@09). The
frequency and potentially the magnitude of jokulhlaups is predicted to inamaselimate change and glacier
retreat (Pagli and Sigmundsson, 2008; Richardson and Reynolds, 2000; McGuire, 2013; Camivigkeed,
2013) thereby placing more persons and infrastructure at risk from outburst flyatésstanding when, how
and why proglacial erosion and deposition occurs during jokulhlaups is therefore foutiazard mitigation

and landscape management.

The rapid onset of flooding and the short length of time to peak dischargeth characteristics of jokulhlaups

and are key reasons why they are poorly understood (Rushmer et al. 2002; CarrivickshntkiR 2006;
Rushmer, 2007). Direct measurement of flow conditions during jokulhlaups is iexedipt difficult, due to

high flow velocities, high flow energy and the sheer volume of water and sediaespdrted. Furthermore,
jokulhlaups tend to occur in remote regions where monitoring and access are limitest @nderstanding of
jokulhlaup processes and products is therefore largely based on (i) qualitative conceptual models developed from
sedimentary studies (e.g. Maizels, 1989a, 1989b, 1991), (ii) geomorphological evidencereithdielfi
measurements (Russell et al., 2006) or from remote sensing (e.g. Smith et al.p2Qd6;om application of

numerical models.

Numerical models applied at the field (landscape) scale to the routing, propaayadi proglacial hydraulics of
jokulhlaups and other types of outburst flood can be categorised between 1D ande20[&ple ). A
limitation of 1D models is that hydraulic parameters are calculated basprescribed channel cross-section
positions. In contrast, 2D models can accommodate the complexity of time-transgresstypifialof outburst
floods; flow splitting around islands; transcritical flow, and they camarpaterise secondary flow circulation
such as is common within major topographical embayments, for example (Carrivick, 200@yerdvoth D
and 2D models are capable of accommodating vertical channel changes; i.e. morphodynamasiphearet
deposition of sediment. Inclusion in numerical modelling of sediment transport andulpasti of
morphodynamics for real world field-scale outburst floods is very rare butdedCarrivick et al., (201]1)
Worni et al. (2012) and Huang et al. (2014), for example. At the experimental scaggicalifiuid dynamics-
based models of sediment transport in outburst floods (e.g. Xia et al.,, 2010) and moaphiogy(e.g.
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Swartenbroekx et al., 2013) are rare and underdeveloped; spatio-temporally vari@blgyrhmmnk and bedrock

erosion for example have yet to be mechanistically included.

Previous studies on other types of outburst floods unequivocally demonstrate that inclusion of $eatisport
and morphodynamics in modelling of the flow is important because: (i) outburst floods often undergo ‘bulking’
and ‘dilution’ due to rapid sediment entrainment and deposition, respectively (e.g. Lube et al., 2012), (ii)
entrained sediment affects the mass and momentum energy of a flow (e.g. Fraccail©pah2002; Zech et
al., 2008; Carrivick, 2010; Carrivick et al., 2011; Iverson et al., 2011; Gualn 2014, 2015) (iii) erosion and
deposition changes channel geometry, on occasion by over 100 % in a few minutes (gigk €agal., 2011),
and crucially these three individually and in combination feedback to pdmyaraulics (e.g. Guan et al., 2014,
2015). Furthermore, (iv) sediment transported in a flow can constitute thelmaapod associated with outburst
floods, impacting structures and burying property, for example.

Flume experiments of outburst floods with mobile sediment (e.g. Capart and Young, 1998;ofcaecar
Capart, 2002; Pritchard and Hogg, 2002; Cao et al., 2004; Rushmer, 2007; Wu and Wange@9Gt al.,
2008; Emmett and Moodie, 2008; Xia et al., 2010) have emphasised grain-scale erosion and dbposition
outburst floods. Whilst several of these experimental studies have informedpieeat of numerical
morphodynamic outburst flood models the experiments have been idealised, for examgiepkrychannel
geometry, regular-shaped (spherical) particles. Furthermore, with the excaiptioa work by Guan (2013),
they have not been tested at the field scale, which is typically hundredstres channel width and many
kilometres long. This means that it is unknown whether the grain-scale undergtegliesented in present
theoretical morphodynamic outburst flood models is applicable at the field (landscage]labte ). The only
‘real-world applications of fluid sediment transport models to glacial outbursti§l, has been that of a multi-
phase model; which includes both fluid and granular phases and interaetioe® them, for the 1994 flood
from Lugge Lake in Bhutan by Pitman et al. (2013), and a parallelised 2D hydrodynamic ritbdesuwpled
sediment transport for the Altai megaflood, by Huang et al. (2014). Ovenalerioal computations of (glacial
and other) outburst floods are challenging because they must accommodate: (i) arghéntrhydraulics, (ii)
extreme wetting and drying, (iii) highly irregular topography, and (ivettnansgressive topography due to
erosion and deposition. We note that morphodynamic models have been applied elsewhere in fluvial

geomorphology studies.

The aim of this study is to apply a morphodynamic model to a real-world glacial odtbadssr ‘jokulhlaup’,

to quantify in unprecedented detail spatiotemporal sediment transport and geomdcphobbg@nge.
3
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89  Specifically, we comparé&eal surface changes, as measured by digital elevation models of difference, against
90 numerical morphodynamic model resul®ur research question is ‘what difference does inclusion of

91 morphodynamics have on outburst flood model output hydraulics, sediment traasgageomorphological

92  work?’ Our working hypothesis is that it is crucial to include sediment transport and morphodynamics in field

93 (landscape) scale applications of models for: (i) improved understanding ofsbdlbod processes and; (i) for

94 realistic simulations.

95 Study site

96  Solheimajokull is an 8 km long non-surging outlet glacier of Myrdalsjokull in southern IcelandHg. 1).

97  Myrdalsjokull is located at the south-east esfithe ‘neovolcanic’ zone (Jaenicke et al., 2006) and overlays the
98 Katla central volcano. Of the 16 volcanic systems active in Iceland sincAIB{Gudmundsson et al., 2008)
99 the Katla system is the second most active and one of the most hazardous (Jonsdo2Y0&t &charrer et al.
100 2007). Sélheimajokull was selected as the study site for two main reasong, Firstkite, like many of the
101 Icelandic glaciers and sandar has been repeatedly photographed since th® Gedi®6y. Aerial photographs
102 therefore exist both pre- and post-jokulhlaup, enabling the construction of high-ms@nt high-precision
103 digital elevation models (DEMSs). Secondly, the proglacial channel system has been expigledrtagnitude
104 low-frequency glacier outburst floods throughout the Holocene (Maizels, 1991)9¢8%jokulhlaup was the
105 first major flood to route through Sélheimajokull in over 600 years (Russell et al., 2010).

106 Volcanically-triggered jokulhlaups have occurred at least 17 times sincAD@Maizels, 1992; Jonsdottir et
107 al., 2007). The route taken by these jokulhlaups draining from Katla has been detdayrinedocation of the
108 eruption centre, which has migrated over time (Mountney and Russell, 2006; SmithugmbrB, 2006).
109 Consequently, volcano-glacial jokulhlaups have drained from Myrdalsjokull alengmber of different routes.
110  Eight major jokulhlaups occurred at Sélheimajokull between 4.5 ka BP and the thigehtury; after this, the
111  eruption centre of Katla migrated and jokulhlaups were routed through Koétlugitdilacross Myrdalssandur
112 towards the easfig. 1). The river flowing from Solheimajokull, the Jokulsa & Solheimasandi (abledviat
113  ‘Jokulsa’) flows southwards from the glacier terminus to the North Atlantic Ocean, a distance of ~ 9 km. For
114  most of its length, the J6kulsa is confined to an incised channel that cuts threwegttensive outwash deposits
115 of Solheimasandur and Skogasandur. The sandur deposits are arranged in terrafses andending

116  southwards from Myrdalsjoliu
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The 1999 j6kulhlaup

The July 1999 was triggered by subglacial volcanic activity within the Katldew@l which underlies
Myrdalsjokull (Russell et al., 2010) and included drainage of an ice-dammed lpledaged by Tweed (1998)
The 1999 jokulhlaup presents an opportunity for improving understanding of the impagheah&gnitude
outburst floods and associated geomorphological impacts in proglacial environments b@causedation
extent was directly observed, (ii) peak-discharge estimates were made Gkulsé bridge Sigurdson et al.,
2000; Fig. 1) and (iii) immediate geomorphological impacts were recorded (Retssk] 2002b; Russell et al.,
2000; Russell et al., 2010). These field measurements and observations constrain teenpalakohydraulic
reconstructions presented in this study.

Renewed volcanic activity was apparent in the days prior to the 1999 floodthehesater flowing through the
Jokulsa & Sélheimasandi changed turbidigigurdson et al., 2000) and 15 supraglacial cauldrons developed
indicating subglacial melting (Russell et al., 2000). Seismic tremors weoeded up to five hours before the
release of the jokulhlaup with the peak in seismic activity coinciding Wéitohset of flooding around 02:00 on
the 18" July (Roberts et al., 2003). Water travelled beneath the glacier as acialbghve (Russell et al., 2006)
and exited from Sélheimajokull at several locations. Four kilometres up-glamierttie glacier terminus, water
burst out at the western margin and flowed along the glacier edge where two tgnipge@dammed lakes
formed (Russell et al., 2002); one 3.7 km from the terminus and the othewulsaigk (Tweed, 1998). Water
also burst through the ice-surface 2 km up-glacier from the terminus, draininglaciathg(Russell et al.,
2000). Meltwater exited onto the proglacial zone through a 150 m wide condui wegitern margin of the
terminus and also through a conduit at the centre of the terminus. Proglacially, the jokulhlaup was predominantly
confined to the main river channel although over-bank flow led to the reactivatsmmef ice-proximal palaeo-

channels (Russell et al., 2002a, b).

The rise to peak discharge was rapid with 1,708 meported bySigurdssn et al. (2000) as recorded 4 km
downstream at the bridge (Figure 1) just one hour after jokulhlaup initisigirgsson et al., 2000). Peak
discharge at the glacier terminus has been estimated at 4%8@ram the size of boulders and the velocity
required to transport them (Russell et al., 2010) but there must be uncertainty of aREst<" on this value
due to the range of results from the different methods used by Russell et al. (2@4.gykdihlaup was
relatively short-lived; flow levels at the bridge had returned to bas-lafter approximately 6 hours

(Sigurdsson et al., 2000; Roberts et al., 2003).
5
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Present understanding of the geomorphological impact of the 1999 flood can be summaatieedhat
deposition occurred in supraglacial, ice-marginal and proglacial locations (Ratssle]l2000), with the greatest
impact in the ice-proximal zone. A small delta formed in an upper lake bakisediment depths around 61
0.5 m thick (Russell et al., 2002a, b). These sediments showed evidence of scolucimdplbgks, indicating
strong circulation of shallow flows (Russell, et al., 2002a). In the praglacéa, up to 6 m of sediment were
deposited, the source of which was predominantly subglacial excavation (Russell et 3l. A2Q(D0 M
boulder fan was deposited in front of the western side of the glacientsrmith boulders > 10 m in diameter
(Russell et al., 2010).

Methods

Each palaeohydraulic modelling technique has its own assumptions and limitations, sovsseeusied in this
study in combination with field-based surveys, aerial photograph analysis and taradysis to reconstruct
sediment transport and geomorphological impact.

Palaeocompetence measurements

Clast measurements focussing on the largest clasts only were made at the ialpooxider fan for the
purpose of reconstructing flow velocity using the palaeocompetence method. Thisd nietbased on
relationships between incipient clast motion, clast entrainment and flow velooisya( 1983). However, whilst
such techniques enable estimates to be made on flow velocity, shear strengttasity (Maizels, 1989b),
they are based on flume experiments with gravel < 35 mm, assume an unlimited sedjppgn{calibre and
volume), are assumed to pertain to peak discharge, and are restricted tortiragqmzice, so must be used with
extreme caution (e.g. Carrivick et al., 2013b). With these limitations and assosnpti mind, the
palaeocompetence method was used in this study only to give independent comparisonhyinothghamic
and morphodynamic modelling. The a, b and ¢ axes lengths of 395 boulder clasts were meatigréckon
proximal boulder fan; these clasts were selected subjectively but with @o aawer the whole fan area and to
preferentially sample the largest clasts to provide a minimum estimapaidlly-distributed flow competence.
The length of the intermediate axis of each boulder clast was used to red¢diwtruelocity (v), shear stress
(r) and stream powerw{ using the equations of Costa (1983). The channel slope near the boulder fan was
0.0275 m/m (Russell et al., 2010). Proglacial hydraulic roughness was estimated atg\dansi 0.05 during

field surveys and this agrees with that in Fig. 9 of Russell et al. (ZDd0Ghaintain consistency and to permit

6
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inter-model comparisons, thense value of Manning’s n was used for palaeocompetence reconstructions and for

hydrodynamic and morphodynamic modelling.

Morphodynamic modelling

Morphodynamic modelling was used to reconstruct spatiotemporal flow hydraulics, setiamspiort and
geomorphological impact and specifically utilised depth-averaged modelling witlénnow open source)
Delft3D (Delft Hydraulics) model software. This model is a multi-dimensional ddygramic and
morphodynamic simulation programme that is numerically stable for unsteady flowi@mndlt solves the
Navier-Stokes equations for an incompressible fluid under the shallow water and the Boussinesqassumpti
The former of these assumptions reduces the vertical momentum equatiordtostatic pressure equation and
the latter assumes that momentum transfer caused by turbulent eddies caedsmtegpmwith a user-specified
eddy viscosity value. The key model equations are given elsewhere; by Lesser et akrf@dd®4Carrivick et
al. (2009) for example but here it is important to note that this is a floidelmot a multi-phase model.
Furthermore, there is no bank erosion in terms of ‘mass failure’, only grain by grain entrainment and deposition.
Depth-averaged simulations were preferred over 3D modelling because horizontatofiolitions were

expected to predominate over vertical motion and were of greater interest in this study.

Computational domain and mesh formation

Model equations were formulated on an orthogonal curvilinear mesh, which was defapadiah extent, shape
and spatial resolution by the same properties of terrain elevation pointsezkfracn panchromatic black-and-
white stereo-pair aerial photographs in digital format (having been phatawgtrically scanned at 15 microns
or 1800 dpi) with a ground pixel size of < 1 m. Pre-flood aerial photographstalene in August 1996 and
post-flood aerial photographs date from August 2001. Both sets were sourced fromakkmghn Islands
(LMI) and orthorectified in Leica Photogrammetry Suite (LPS) with ground control p@B@#s) generated
using a Leica GPS500 dual phase differential Global Positioning System (dGPS). Alithisuatknowledged
that some parts of the landscape could have changed slightly in the 3 years betweenfltuel @erial
photograph survey and the 1999 jokulhlaup it was considered preferable to use a prerfloochtetel rather
than a post-flood landscape, as is often the case in jokulhlaup reconstructions. Indeedjditisestsiuld note
that quantifying sediment transport and geomorphological impact of jokulhlaups atigeofoutburst floods

will be very difficult if only a post-flood landscape terrain model is available.
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203 The pre- and post-flood Digital Elevation Models (DEMs) had regular grid oklize ~ 2m. DEM errors and
204 uncertainty was assessed by comparing grid cell values to dGPS-derived esatiores and to a DEM
205 constructed from a summer 2010 airborne LiDAR survey, which for our purposes wesddsadnno error
206  Uncertainty in our photogrammetrically-derived 1996 and 2001 DEMs was assessgtogtically defining
207 400 random points sampled acresshDEM, the dGPS and the LiDAR datasets and only in areas suspected not
208 to have changed in elevation; i.e. excluding the glacier and the proglacial bnaidptenparisons of the
209 elevations of these 400 points revealed a heterogeneous error, and were used with invessendigfiating
210 interpolation to generate an error surface, which was then used to doeréebtDEMSs (Staines et al., 2014).
211  Errors were greatest in steeper and more rugged areas, as expected (e.g. Hopkindunartdbiasidle 2009;
212  Huggel et al2002), although we think that a proportion of these ‘errors’ could indeed have been real landscape
213 change in the form of hillslope activity. Final 1996 DEM error was quantified wittm mleaation difference of
214  -0.03 m and RMSE of 0.89 m, and final 2001 DEM error was quantified with mean elaliffeoence of 0.002
215 m and RMSE of 1.24 m (Staines et al., 2014). Assessment of uncertainty inwue\ealculations follows the
216  method of Lane et al. (2003) whereby we use ‘unthresholded” DEMs of difference, because differences below
217 the level of detection are uncertain, and where volumetric uncertaintyume, as considered when producing

218 DEMs of difference (DoDs) is calculated as follows:

o volume = d?vn dDoD

219 where d is raster cell size, n is number of raster cells for which the DEfes€dce is calculated, andDoD is

220 the error of the DEM of difference as given Py_DEM#12 + ¢_DEM#22, whereo is the standard deviation of
221 residuals. This method indicates that when we diffexétite 1996 and 2001 DEMs uncertainty in our elevation
222  values was 1.53 m and in our volume changes was 0.008Gkaines et al. 2014). However, we consider these
223  uncertainty values to be a ‘worst case scenario’ because: (i) the quality of photogrammetry-derived DEMs is best
224  in areas of low relief and high-contrast, such as proglacial areas, qra; 8taines et al. (2014) show in their
225 Table 2whilst absolute elevation error in the proglacial area cannot be assessed, h@zause be certain that
226 those points are static, volumetric uncertainty over the valley floor i@pmtely half that of the DEM in its

227  entirety.

228  Spikes and sinks were removed and the terrain ‘inverted’ in ArcGIS to produce a bathymetric xyz file (i.e.
229 positive elevations beneath 0 m) for the model. The x and y coordinates in this file demarked an extent and shape

230 around which user-specified splines crudely defined the mesh ghgp#) (and were then refined automatically
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to give an orthogonal curvilinear meskg. 2) with each mesh cell resolution ~ 2 m in the lateral direction and ~
10 m (at most ~ 15 m) in the longitudinal direction. To reduce file sizes and hengetatiom times, the mesh

was clipped to the extent of the main river chanfél.(2), as observations during the jokulhlaup established
that flow was confined to this chann&ligurdsson et al., 2000). The bathymetry xyz points were mapped onto

the meshKig. 2) using the Delft3D QUICKIN module using grid-cell averaging.

Input data to numerical model

The model proglacial channel was ‘pre-wetted” by running base flow (without sediment transport or
morphological updating) up to 90°ra" which is the bankfull discharge under ‘normal’ flow conditions at the
bridge (Lawler, 1994; Lawler and Brown, 1992). Hydraulic conditions at the tastdiep of the baseflow

model were used as the input (‘restart’) file for the jokulhlaup model.

Water discharge was introduced to the jokulhlaup model at both the westeaf Bideglacier terminus and at
the terminus centre. These positions were chosen on the basis of field observatienmaihtglacial drainage
conduits at the time of the flood (Russell et al.,, 2002b; Russell et al., 2000; Ratsag¢ll 2010). Field
observations (Matthew Roberts, pers. comm.; Russell et al., 2010) indicaté¢dethedstern conduit was the
main drainage channel both before and during the 1999 jokulhlaup and therefoeéingd d0 % of the total
discharge exited from at the central conduit and 60 % from the western cdnglu®).(The jokulhlaup model
initial hydrograph Eig. 3 was best-fit to thenagnitude (1,700 Pa") and timing (one hour after initiation) of
peak discharge, and flood volume, as recorded 4 km downstream at the Bigiyés®n et al., 2000; Roberts

et al., 2003). In more detail, the jokulhlaup model input hydrograph peak discharge, durasta@mgig. 3

was based on: measurements of river stage and discharge of 1ZbMade at the bridge Higurdson et al.
(2000); the peak discharge estimates of Russell et al. (2010) and; knowletgeflobd trigger. Russell et al.
(2010) suggested that downstream flow attenuation was considerable but wehag#nrd tnput discharge of
4,000 mis® as reconstructed by Russell et al. (2010) is rather high for our usage because we had to run the model
with no sediment input at the discharge point. Russell 8t(@010) boulder fan evidences that boulder-sized
clasts were moved, implying rapid deposition because very few boulders occur dasthestream. However,
neither the total volume nor the temporal flux of this subglacially-derivenneat transport is known and
cannot even be reasonably estimaifidterefore, our jokulhlaup model was necessarily run with no subglacially-
derived sediment. Thus to be clear, our modelled flow was initially 10@agér because any sediment in the

model is that from the proglacial area only.
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The model time-step was set at 0.005 minutes to accommodate rapidly varyiaglieg and rapidly varying
channel bathymetry. Horizontal eddy viscosity was defined at 0’61and the horizontal eddy diffusivity at 10
m?s™: both of these parameters affect advection of mass and momentum and concern momeifituroaiaes

by turbulent eddies but scale depending on mesh cell size. Whilst thetle &ditice on setting eddy viscosity
and eddy diffusivity values, over a braided gravel bed river reach Williarak €013) found that an eddy
viscosity of 0.01 s produced model errors in terms of depth and velocity that agreed well with

independently-measured field data.

Model sensitivity was assessed against peak discharge magnitude and tirthiegotatge), which are the only
measured and thus relatively certain properties of the 1999 jokulhthypever, modelled peak discharge
magnitude and timing was sensitive to roughnedich we defined with Manning’s n (Fig. 4). Figure 4 which
illustrates a cross-section near the downstream model boudemiynstrates that varying Manning’s n does not
produce a linear response in discharge, and this is because of the morphodyamictipe model and
feedbacks between sediment entrainment and flow hydraulics, as partly suggested régponse of bed
elevation change to varying Manning’s n (Fig. 4). Therefore, bed roughness was defined as a uniform value of
0.05 across the whole mesh, with respect to the channel substrate that we have obdevegldrahd as has
been reported by Russell et al. (2010). We note Miaining’s n values used for other proglacial areas
comprising sand to cobble sized materials has varied from 0.04 to 0.06 (Alho amaeAaR008). For interest,
the model was not sensitive to other user-specified parameters including reekhia® and grain size

distribution, in agreement with the findings of model (in)sensitivity by Guan, j20&BHuang et al. (2014

For the purposes of modelling sediment transport, three sediment fractions were defifedbasis of the
sedimentological observations reported by Russell et al. (2010) and our own seldigiesitanalysis (Staines
et al. 2014). These sediment fractions were: bouldegs<[200 mm); cobbles ({9 = 100 mm) and; granules
(Dso = 3 mm), all with specific density of 2680 kg*mwhich is typical for the basalt-dominated geology. Non-
cohesive suspended sediment transport was computed by solving the 3D addiitigion (mass-balance)
equation and by imposing a reference concentration at a reference heightnfpltbeimethod of van Rijn
(1993). Bedload was computed in two stages: (i) calculating transport magnitudireantibn at mesh cell
centres using the Meyer-Peter-Miller (194€PM’ equation for bedload, and; (ii) computing bedload transport
rates at cell interfaces. We note that the MPM formulae was developedivia #xperiments and thus its
applicability for the range of sediment sizes observed in the field is questiobabliere is no alternative

equation suitable for coarse sediment transport. The MPM formulae was implemeb&dfidd using the mean
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grain size from the fraction being consider&d.option in Delft3d for considering ‘hiding and exposure’ effects
by adjusting the effective critical shear stress for fine-graineidnsets whikt lowering it for coarse sediments

was not used in this study because of the lack of information on a suitable multiplicativéofacst.

Suspended sediment transport included consideration of suspended sediment on fluid ddirsityesastity,
interaction of bed sediment fractions and inclusion of a fixed layer. In ovenhiewransport of suspended
sediment was calculated by solving the three-dimensional advection-diffusiosr-i§aiance) equation for the
suspended sediment. Density effects of suspended sediment fractions in the fluié mixte recognised by
adding (per unit volume) the mass of all sediment fractions, and by subtractmgdbef displaced water. The
settling velocity of the (non-cohesive) sediment fractions were computed depending diantie¢er of the
sediment in suspension. Sediment transfer between the bed and the flow was modelledkusing source
terms acting on the near-bottom layer. The mathematical form of these sedanspott calculations are given
by Carrivick et al. (2010) and so are not repeated here for brevity.

An initial bed thickness of 5 m was defined for each sediment fraction, set asruadarss the computational
mesh, and based on (i) representative GPR surveys in the vicinity of the river adfasetiinent thickness and
(if) sediment exposures in river banks (Staines et al., 2014). Note that tlseme wansideration in the model of
the stratigraphy of these sediments; all fractions were availablethred! layers and all grains were available
for entrainment simultaneously. The total of 15 m sediment depth was not exhaustedrimgeél, which seems
sensible given that there are no bedrock sections of the river. The downstrearmbotinda model at the
Jokulsa estuary is tidal (Mountney and Russell, 2086)sa was defined as ‘open’ with ‘uniform water level’

set as 0 m.asl. Downstream boundary tide water level changes were assumed to be megligibtbe short

time-frame of modelling.

Morphodynamics were modelled by considering that if there was sediment depositiom)ofighin a grid cell
of zm.asl. at timestep ‘X’, then that grid cell was updated accordingly to give a sediment thickness of z +y (m).
Sediment erosion was modelled correspondingly, to cause a reduction in sediment thigiaeted skdiment
thickness then informed updated bathymetry and this bed elevation then perturbbgiditaulics at time step
x+1. There was no inclusion of stratigraphy, i.e. no calculation of the oradriah sediments were deposited,
and thereby we assume that vertical sorting was not a major control on raddsnoesyof deposition. Erosion

and deposition volumes were computed from the difference in elevation grids output at 10 mirsinterval

11
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Quantifying uncertainty in our model calculations is difficult becatig® due to a combination of factors. For
the hydrodynamic model, the factors affecting model uncertainty are the: input 1996 D&RB(i); input
hydrograph (+ 250 fis?); specified roughness (field-measured), and; hydrodynamic model formulationse For th
morphodynamic model, and in addition to the factors mentioned for the hydrodynamic model, dre fact
affecting model uncertainty are the: sediment grain size distributield-(fieasured), and; sediment transport
model formulations. Since the hydrodynamic model was best-fit to the peak disdimingeand flood volume

as recorded at the bridge, 4 km downstream, model uncertainty cannot be conftoamadcomparison of
modelled versus measured hydrographs. Morphodynamic model uncertainty cannot be constnaireed f
comparison of the simulated and observed net change in sediment storage because disouitidesl there are
different time scales involved in these two calculations. Therefore both hydrodyaath morphodynamic
model uncertainty estimates must recognise that: (i) there are components ofiéhé¢hat cannot be quantified
for uncertainty; (ii) that these uncertainties propagate through the modeflawgrind act in combination, and
(iii) that there are some facets of model behaviour that might not be ssimvelated. Overall, given the factors

in the model for which we can quantify uncertainty, given our field knowledge and mw&siis, and given our
previous experience of applying the model to outburst floods (e.g. Carrivick, ZDWA, Carrivick et al., 2009,
2010, 2013a) we estimate uncertainty in hydrodynamics to be withidO %, uncertainty in erosion and

deposition (morphodynamics) to be withify 20 %, and summative/net landscape change to be withitd %.

Results

Palaeocompetence reconstructions

The ice-proximal boulder fan clasts have a bimodal size distribution, with the grizatestncy of clasts
measured in the ‘small cobble’ and ‘large boulder’ categories (Fig. 5. Palaeocompetence reconstructions, using
just the 5 largest boulders to suggest maximum values, suggest thatopeakléicity was ~13 m:sand peak
flow depth was 7.6 mT@ble ). Boulder size decreased rapidly downstrediny.(6A) and therefore flow
parameters were also calculated for each individual boulder (clasts > 256 mamigted) and visualised in
ArcGIS (Fig. 6B). Flow velocity ranged from 14 ni-sat the ice proximal end of the fan to 2.4 Tras the ice-
distal end. Stream power varied from approximately 75 to 35,400°\&md boundary shear stress from 36 to
3,000 N.nf. Flow depths varied from just under 10 m ice-proximally to 0.6 m at the ice-elistaif the fan. A
comparison of the palaeocompetence reconstructions with the slope area and numerical mustbllidg are

given inTable 3
12
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Morphodynamic modelling
This study ran morphodynamic models lasting ~ 24 hours in computational time on a (R&Sktigh a 3 Ghz
processor, 8 Gb RAM and a 1 Tb hard disk.

Flood inundation

Flow was largely constrained within the post-LIA incised Jokulsa channel, althooghpedaeo-channels were
re-activated Fig. 7). The dominant area of channel reactivation was approximately 500 m south tHcike, g
where flow was routed through palaeo-channels on the older moraine stifac®.(These channels were
located 2 to 3 m above the pre-jdkulhlaup active river channel. Beyond this point, modelled flow wasidonfin
the steeply-incised channel for 1 km between the moraine. At the downstream opehiagohfinement, the
older (dry) sandur surface was reactivated between this point and the JokulsadgeadHar. 7). Simulated
flow built up behind the Jokulsa road-bridge embankment, approximately 5 km downgtveatoally flowing
over the road south of the Jokulsa bridge at 60 minutes We do not know lifagpsned in reality, but as
outlined in the methods section, the road bridge had been removed from the pre-flood DEM,deE80nm
wide opening between the road embankments on either side of the river. Previously dry, vegetated channels were
inundated along much of the channel (circled aredign6). By the end of the simulated jokulhlaup, these
channels were dry. At the Jokulsa estuary, flow ponded behind the low-retieflisa@ ridge to the west of the
river (Fig. 7).

Spatiotemporal variations in modelled hydraulics

The overall spatial pattern of modelled flow depth and flow velocity are mapgédLlre 8at time 01:30 after

flood initiation, i.e. near peak flow conditions. The pattern distinguishes etedrilow, overbank flow and

braided flow Fig. 7). In detail, the pattern of flow velocity and flow depth is ‘smoother’ or more spatially

coherent, in the morphodynamic simulation compared to the hydrodynamic simulation. Bed eleatged ch

as a result of erosion and deposition and showed considerable variability along tied. dhace-proximal zone
progressive erosion occurred, in channelized areas (cross-section 3) rising stage cemsired and falling

stage deposition, in distal reaches rising stage deposition and falling stage erosicedqear). Figure 8

also plots the temporal model output of flow velocity, water depth and bed elevation change at selected points on
each of the cross-sections. These temporal comparisons between the hydrodynamic and maonghotydel

output illustrate the effects of including sediment transport and iterativem(peel time step) bed elevation

change on flow conveyance and are summarisédiirie 4 namely: no effect on total inundation area; nearly
13
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378 double frontal wave speed; timing of peak stage advanced by about 19 %; no signifedmrefpeak flow

379 depths or peak flow velocities; a strong effect on the rate of change of flow depth and flow .velocit

380 The detail of the morphodynamic simulation was further examined at seven cross-sections as indicatast i
381 panel ofFigure 7and were chosen in location to permit (i) analysis of the longitudinal exolotithe flood, (ii)
382 comparisons with those considered by Russell et al. (2010) and (i) comparison tgmimstige record of
383 Sigurdson et al. (2000). Spatiotemporal quantification of depth-averaged velocity, average bestrelssar
384 total sediment transport (sum of all fractions) and flow discharge avedpd assuppl. material vide@and for
385 brevity and ease of reporting in this paper were recorded at each cross-segtign ftlow discharge exhibited
386 a steep rise to peak values and a shallower falling limb. Peak discharge aectass-l was reached after 30
387 minutes and after 60 minutes at each other cross-section (which is not surprigingebide input hydrograph
388 was best-fitted to the peak discharge magnitude and flood volume at the bfidgejnagnitude of peak
389 discharge ranged from 1,600'sh at cross-section 1, to 2,500 st at cross-section 3, and 2,008 s at cross-
390 sedion 6 (Fig. 9.

391 Depth-averaged velocity at peak discharge (one hour after flood initiation) weesthig the glacier terminus,

392 reaching 12 m:5at the northern conduif(g. 9. Flow velocity decreased rapidly to ~ 4 thia the immediate

393 proglacial channel, but increased in the constricted section of the channel cut thovagter&ig. 9. Cross-

394 sectional averaged velocities showed a similar downstream pattern to dischidrgeevage velocities lower in

395 cross-section 1Hg. 9. The time at which peak velocity was reached varied with distance downsfPeain

396 flow velocity was reached after 30 minutes at cross-section 1 and aftenét&snat cross-sections 2 toFsg(

397 9). At cross-sections 6 and 7, velocity remained near constant between 60 and 90 minugheaBetress

398 ranged from 60 to 580 N:frat peak discharge, 30 minutes after flood initiation. Bed shear stress wag highes
399 where velocities were highest except at cross-section 2, where bed shear stogsateasat 180 minutes after
400 flood initiation (Fig. 9).

401

402 Patterns, volumes and rates of geomorphological change

403  The modelled volume of total sediment transport (the sum of the three sediaotion) was 469,800 *nf+
404 20%) (Table 9. The rate of modelled total sediment transport at cross-section 1 peabeb afs’m™ 30

405 minutes after flood initiationHig. 9). With progression of time, modelled total sediment transport became more

406  ‘flashy’, that is, the peak of curve was steeper. This is in contrast to modelled discharge, vdtamé less

14
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flashy through time and with distance downstre&ig.(9). Total sediment transport generally decreased with
distance downstreantrig. 9. Maximum erosion of 8.2 m occurred along the ice margin. (L) and 5.9 m of

erosion occurred at 2.4 km down valley. This latter site was also the site of maximum deposititen3a2 up.

The total change in the differenced DEMs = -415,26@:9,000 m)) which is ~ 55,000 fhless than suggested
by the morphodynamic model. This difference in volume between what we have modelled andkVilaaze
measured could be an indication of: (i) the amount of subglacially-sourced mgigrigeomorphological
activity that has occurred during the flood; i.e. incision and infiil, geomorphological activity between the
flood and the DEM survey dates; (iv) a reflection of measurement error. The edoldeitiscape change was
compared on a grid cell by grid cell basis to the DEM of differene®jand whilst visually the agreement is
generally good spatially={gure 114, and to a lesser extent along a long profieyre 115, there was no
statistical correlation for either. Four zones highlighted by white siriclé-igure 11Aindicake discrepancy
between the the DoDs, as highlighted in tH% @nel difference measured minus modelled map. These
differences in the white ellipse zones suggest: (i) incision of bar forohslply after the 1999 flood but before
the re-survey in 2001, and; (i) lateral bank (mass collapse) erosion, which is aoointec for in the
morphodynamic model. The ice-marginal difference (red zone) in the differencesnthp boulder fan;
demonstrating the subglacial provenance of this material during the 1999 fiddbdeaignorance of this in the
morphodynamic model. The long profile depicted Figure 11Bcould be interpreted to indicate wawd
prediction of erosion and deposition by the model, but with consideration of this r@s8taines et al. (2014)
may actually just reflect subsequent landscape response to the jokulhlaugibdtevdood date and the 2001
aerial photograph survey) as over-steepened unconsolidated banks collapsed and ablationdezt meised

jokulhlaup deposits, for example.

The net landscape change during the modelled jokulhlaup as measured by the totaldneteletion change
was -86,400 rh(+ 40%), resulting from -275,400 i 20%) proglacial erosion and 194,40G (& 20%)
proglacial deposition. These quantities are interesting because they areemeég@omorphological work and
will permit comparison to other geomorphological processes that mobilisatiaelgi large volume moved over
a relatively short time period. The modelled net loss of -86,40@ #0%) indicates the volume of sediment
that was transported into the sea in just 7 hours. Total erosion and depositigrido cell and were
discriminated for both the rising and falling limbs of the modelled jokulhl&igp (2. The pattern of elevation
change wassmoother’ or most ‘spatially coherent’ during the falling limb (Fig. 12). The rising limb pattern
suggests widespread activation of the bed, whereas the falling limb aitgmests more organisation, perhaps
15
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pseudo bedforms. In ice-proximal positions, the morphodynamic model produced substantial cloesioe! i
with a 10 m vertical decrease in bed level measured at cross-seckion 0y Just north of the Jékulsa bridge
at cross-section 4, deposition was observed to the west of the main channel, whichrasrestiovith post-
jokulhlaup observations made in the field (Russell et al., 2010). In ice-dasiions at cross-section 7, large-
scale bars and channels formed: two main channels formed at 350 m and 420 m along the o$sssetit

and deposition occurred at the channel mardiits (0.

Both peak erosion rate and peak deposition rate coincided with peak disclthvgera$50 rfs* and 595 s ™
respectively. Qualitatively, erosion proceeded rapidly as a result of ifdiedsshear stress on the rising stage of
the flood €ig. 9 suppl. material video However, there was some re-deposition on the rising stage of the flood
(suppl. material videp Peak erosion rate was ~ 650stand the peak deposition rate was ~ 588" mboth
occurring at the peak stage at 1.5 hours after flood initiafiaring the falling limb, bed shear stress diminished
and we also note that the total erosion volume and deposition volume did not sigpifibamge. However,
there was some waning stage incision of sediments as evidenced by the decline in bed iel¢hatlater part

of the event fig. 8. We note that more sophisticated analyses of the patterns of erosioadandrgation
should consider the spatial stress divergences/convergences as the fundamental ocontr@nnel
morphological response, but we have not done that here because of the lackisticalstatrrelation between

our modelled elevation changes and measured elevation changes.

Discussion

Comparison of reconstruction methods

Palaeocompetence calculations were performed to provide an independent comparison to thel numerica
modelling, but there is a big discrepancy in the hydraulic reconstructions by the palpetmrm® and
numerical modelling methods. Palaeocompetence-derived hydraulic values are higher than tineskfabta

the numerical modellingT@ble 3 but only pertain to the boulder fan whereas the numerical modelling included
the entire proglacial channetif. 8). For example, maximum flow depths reconstructed by each method ranged
from 4.8 m using the slope-area technique (Russell et al., 2010) to 9.7 mhesipglaeocompetence method
(Table 9 to 12 m using distributed numerical modelling. We interpret the discrepancgconstructed
hydraulics to highlight the assumptions (and thus limitations) inherent wihich method. Firstly,

palaeocompetence techniques rely on ‘scaled-up’ relationships between gravel-sized clasts and hydraulic

16



466
467
468
469
470
471
472

473
474
475
476
477
478
479

480
481
482
483
484
485
486
487
488
489
490
491
492

493

published in Earth Surface Processes and Landforms

parameters and therefore erroneous results are likely for large boulders X@®ak]arrett, 1987). Indeed Costa
(1983) stated that palaeocompetence reconstructions for clast greatemthiardBameter are less reliable than
those generated from smaller clasts. Secondly, the palaeocompetence technigue asssedete¢hasupply to
a flood was unlimited (Carrivick 2007, 2009) and therefore provides a minimum estirilme parameters tl

is possible that clasts larger than those measured could have been transgmtedéie available. Thirdly, in
highly turbulent floods, lifting forces can encourage the entrainment of clasts them those transported by

flow-velocity and tractive forces alone (Costa, 1983).

Regarding the discrepancy between Russell.®t@010) slope area results and our morphodynamic modelling,
Russell et als slope area reconstructions were applied only at discrete cross-sections and necessarily assumed
gradually-varied flow conditions. They estimated flow velocity in pa#g grain roughness; i.e. boulder
measurements, so with the same limitations as outlined for the palaeocompetence metleodedimps most
crucially, they were applied on the post-flood terrain. In contrast, our morphodynamicingpdeut a pre-
flood DEM, specified an input hydrograph and pre-existing sediment across the mod@h,dammd modelled
fully spatiotemporal hydraulics, sediment transport and subsequent geomorphological change.

Comparing the hydrodynamic model with the morphodynamic model, inclusion of sediment riraarspo
morphological updating did not affect the total inundation area. Howeved, éadise the frontal wave speed to
nearly double Table 4. This is due to loss of energy in sediment entrainment and flow resistance had at t
leading wave front edge, c.f. experiments by Carrivick et al. (2011). It sughastssage of numerical models
of outburst floods in a hazard analysis should include morphodynamics if the time to iouslanportant.

The same suggestion can be made again because the timing of peak stage wad agivaboet 19 % by
including morphodynamicsT@ble 4. Generally, morphodynamics did not alter absolute values of peak flow
depths or peak flow velocities very much, in general agreement with theginof Huang et al. (2014), but did
affect the rate of rise and fall of these parametergs( 7 and B Attributing these differences to sediment
transport and morphodynamic processes demands more work to (i) define the spatdtengssr and
momentum of the fluid, and (ii) examine spatiotemporal channel geometry chiamgeater detail, for example
vertical versus lateral changes and the relationship (feedback?) betweemgharaginel cross-section and

hydraulics.

Proglacial jokulhlaup character and impact

17
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A key advantage of morphodynamic over hydrodynamic modelling that it provides aquaiatifiof erosion and
deposition patterns, volumes and rates that would otherwise be unobtainable. Wihitsetpasing a
morphodynamic model requires good knowledge of the flood event and of the flood channelhgeforent,

that effort is rewarded with improved process and product understanding. Whilst it mesadrabered that
there are errors in the DEMs (Staines et al., 2014) and assumptions in the morphodydatiiogn the main
differences between the twé-i(. 12 are likely to be due to the different time-scales considered: 5 years
between the DEMs versus a few hours for the model. That said, the remarkabletyimilsattern Eig. 17)

gives confidence in both the DEMs and the model and demonstrates that the 1999 jékulhlaup hadaart impor
geomorphological impact on the proglacial area.

Overall, erosion and deposition both occurred in the main channel, and both easx gr narrower reaches

(Fig. 11). Erosion was greater in narrower reaches because the water depth wasddeaepewelocity was
higher, which induced more sediment movement. The erosion maps, and the more coherent flow structures in the
morphodynamic model~{g. 8), together suggest that morphodynamic processes make flow conveyance more
efficient via smoothing of the bed and straightening of the channel sides in combisatidning form
roughness. We suggest that deposition was greater in narrower reaches because Xtzan@unnt of sediment
being transported was redistributed over a relatively small area, in comparisdder reaches. The slight
increase in peak discharge observed at cross-sectkin. 2)(is likely a response to changing channel geometry
because flow was constricted to a single channel between the moraine belt 2 km dowobtitea glacier
terminus. Beyond this constriction the flood routeway becomes wider with increasatt@ifiom the glacier

and shallower in gradient. Correspondingly net deposition was observed as a resditcefirvelocities and
reduced bed shear stress, which is similar to expansion fans and valley-fiésedonumented by Alho et.al

(2005), for example.

The evidence in the morphodynamic model results of rising-stage deposition and waningasige has
considerable promise for quantitatively assessing the conceptual models that hawéevreped from
sedimentary (e.g. Maizels, 1989a, 1989b, 1991) and geomorphological observations and measurements (Russel
et al., 2006). During the rising limb of the jokulhlaup ice-proximal depositiae modelled at the glacier
terminus Fig. 11). This is interesting because ice-proximal deposition was observed during the jikuthia

boulder fan being the key depositional impact of the flood (Russell et al). Z8dling stage coherence of

elevation changes-{g. 11) is potentially indicative of bedform development (c.f. Rushmer 2007). Volcano-
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glacial jokulhlaups frequently exhibit a rapid rising stage, during which mmadxhggradation rates are high and

downstream transport is limited (Rushmer, 2007).

A note on the post-jokulhlaup landscape response

The post-jokulhlaup period at Sélheimajokull has been characterised by gktoget (Staines et ,a2014).
Soélheimajokull retreated on average 40 m petween 1996 and 2010. Owing to a subglacial overdeepening,
channel incision occurred ice-proximally, leading to the abandonment of the bouldeittamalty above the
present-day channel. As a result, the boulder fan has only been subject to mindkimg-wost-jokulhlaup.
Landscape change in the lower channel reaches in the decade following the jokulhlaup wteriskdray net
channel aggradation. Between 2001 and 2010 there was a progressive increasstireaomchannel braiding,
suggesting that sediment deposited by the jokulhlaup is moving through thecfabghannel system, being re-
distributed by non-jokulhlaup flow.

A note on modelling approaches

Outburst flood modelling inevitably involves a series of uncertainties associdtethevdifficulties in estimating the
values of key parameters. Notwithstanding the excellent pre- and post-flood data we have usestudythit has
been necessary to consider uncertainty propagation through the investigation. We could not define ispdiment
from a subglacial source and whilst we could have an insight to the volume of this subglacial s@fintbat
difference between our model and the DoD), the subglacial sediment flux remains unknown. @gnsideri
subglacially-sourced sediment will of course not be a problem for studies of glaciakbéltmds from ice-marginal
lakes. For studies of any sort of outburst flood, it could be considered that studies wherldimited field data
could find that the parameterisation of roughness could be as important as the model structyedeimpeed the
wider challenge of how to use limited observational data to support high-resolution predistioestainly
unresolved. In contrast to the mechanistic approach, such dsathel test case’ of this study an alternative
approach is to acknowledge that actually none of the model inputs are known, except within reasonable bounds, and
then to conduct Monte Carlo scenario-based modelling where each variable and combinatiombtésvigi

systematically varied tdefine ‘most likely’ outputs.

Conclusions

The key contribution of this study is a demonstration that the morphological adjustments ingtloegassage of a

glacial outburst flood GLOF), or ‘jékulhlaup’, are significant enough to significantly and dynamically affect the
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conveyance characteristics of the flow. A major potential implication of this waatefore, is that if reconstructions

of outburst flood hydraulics for interpretation of the long term hydrological record andridboalssessment could be

with significant error. Assessment of differences in flow velocity and flow depth atiecuin cases where the model

had either a fixed bed @rmoveable bed was opportunistically employed for 1889 Sélheimajdkull jokulhlaup,
which actedas a ‘natural laboratory’, because modelled sediment transport and geomorphological change was
able to be compared to the difference between pre- and post-flood topography asedneessog
photogrammetrically-derived DEMs.

Firstly, this analysis has revealed new insights into the proglacial character and behaviour of the 188agokul
event. Total sediment transport was 469,86q#120 %) {Table 4. Maximum erosion of 8.2 m occurred along

the ice marginKig. 10 and 5.9 m of erosion occurred at 2.4 km down valley. This latter site was atsie thie
maximum deposition at up to 3.2 m. The net landscape change during the modelled jokudisiaBf,400 rh

(+ 40 %), resulting from -275,400 3m{+ 20 %) proglacial erosion and 194,400 (& 20 %) proglacial
deposition. The rising limb pattern of bed elevation change sugbsitespread activation of the bed, whereas
the falling limb pattern suggest more organisation, perhaps primitive bedform development. Peak erosion rate
and peak deposition rate were 658Mmand 595 5™, respectively, and coincided with peak discharge at 1.5
hours after flood initiation. Deposition occurred on the rising stage arsiberoccurred on the falling limb,

which is contrary to prevailing simple conceptual models.

Secondly, this study has several important implications for reconstructions of bfltimds at other sites. At its
simplest, numerical modelling permits interpolation between (often spaedd)nfieasurements. It permits
discrimination of how an ‘end-product’ is obtained, in this case production of the post-flood landscape.
However, analysing this spatiotemporal model output is challenging and needs developaméomated grid-
based programs (c.f. Carrivick et al., 2013a). Whether or not it is crucial talénskdiment transport and
morphodynamics in field (landscape) scale applications of numerical models dilgbias or of other types of
outburst floods depends on the intended application. This study has shown that iraflusamphodynamics
beyond a simpler hydrodynamic simulation accelerated the arrival time of therdioivahd brought forwards
the time of peak discharge. This is due to increased mass and momentum with deaitsieoitt but also due to
a feedback process whereby flow conveyance becomes more efficient due todf) efesinor bed protrusions
and (ii) deposition that infills or subdues minor bed hollows. Therefore hazard anfalggssed on inundation
area need not go beyond hydrodynamic simulations, but those focussed on frontal walvéiraerignd peak

arrival time should note that the morphodynamic simulations of this study advanced thedéimirgs by 100
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% and 19 %, respectively. The peak magnitude of flow depth and flow velocity wsigmifitantly affected by

including morphodynamic processes.

Morphodynamic simulations can be extremely instructive for understanding rapid (minutelandfeym
construction and deposition process and products, but present challenges in paraowetanidatialidation
Most events will not have a pre-flood terrain model, especially at a higlutieap available and spatially
distributed sediment characteristics can be hard to ascertain. This study foumdethdihe course of the
jokulhlaup, the pattern of erosion and deposition became more coherent, potentialiyiviecdbf bedform
development. Total sediment transport became more ‘flashy’ over time, in contrast to discharge. Downstream
variations in sediment transport, flow velocity, shear stress and flow dischargelargely a reflection of
channel geometry: velocities and sediment transport were highest in constricted aeddogger in unconfined
reaches.

With regards to the opportunity presented by this modelling for prgoessict studies, future work should aim
to target specific sediment-landform assemblages and examine energy exchanges betwediobedremdby
beginning to bridge the gap in knowledge between grain-scale experiments ldretdle measurements.
Refinements of the model presented here might indiis@imination between vertical and lateral sediment via

a slope failure operator for bank collapse, for example.
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794
795

Hydrodynamic reconstructions of field
(landscape) scale outburst floods
iD
Magilligan et al., (2002), Skeidararsandur, Iceland.
Alho et al., (2005), Jokulsa & Fjollum, Iceland.
Herget (2005), Altai floods, Siberia, Russia.

1D-2D
Kamrath et al. (2006), dike breach on River Rhine.

2D
Begnudelli and Sanders (2007), St Francis,
California.

Fuamba et al. (2007), Quebec.
Carrivick, (2006, 2007); Kverkfjoll, Iceland.
Carrivick et al. (2009, 2011*), Ruapehu, NZ.
Carrivick et al. (2013a); Russell Glacier, w.

Greenland.

Bohorquez and Darby (2008). Mont Miné, Switz.
Miyamoto et al. (2006, 2007), Denlinger and
O'Connell, (2010), Alho et al. (2010); Missoula
flooding, NW USA.

Carling et al. (2010), Altai floods, Siberia, Russia.
Worni et al. (2012)*, Ventisquero Negro,
Patagonia.

Koike and Takenaka (2012), Mangde Chhu, Bhutan.
Pitman et al. (2013), Lugge Lake, Bhutan.
Westoby et al. (2014), Chukhung Glacier, Nepal.

796

797  Table 1. Selected examples of application of numerical models of outburst floods, mostly to jokulhlaups, at the field
798  (landscape) scale, for both palaeo and modern studies. *Only the models applied by Carrivick et al. (2011), Worni et al.
799  (2012) and Pitman et al. (2013) include sediment transport.
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Axis Length (mm) Velocity (v) Shear Stress (1) Stream Power (w) Flow Depth (D)

a b c ms* N m?> W m? m
10750 8410 3720 15 3,200 37,200 9.7
10250 6370 750 13 2,300 23,300 7.9
9900 5900 4400 12 2,100 20,500 7.5
8450 6180 5070 13 2,200 22,200 7.7
8200 3550 2270 10 1,100 8,700 5.2
Mean 13 2,200 21,600 7.6

Table 2: Palaeocompetence reconstructions using the five largest clasts of 395 boulders measured on the boulder fan

andvia the equations of Costa (1983).
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825
826
Veloci h Flow Depth
Palaeohydraulic Method € oc»;ty Shear S’Fzress Stream Power (w) ow Dept
(m.s™) (NmM™) (m)
Palaeocompetence 13 (mean) 2200 21,600 7.6
(point) measurements
Slope-area
reconstructions ~5-7 930to 1,280 ~5,200 to 8,200 3.3t04.8
(Russell et al. 2010)
. . 0.9 (average) 110 (average) .
H Il 12 - 1
ydrodynamic modelling 8.6 (max) 3,430 (max) n/a (cross-section 1)
827

828  Table 3: Comparison of palaeohydraulic reconstructions at the glacier terminus
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844
845
Parameter Hydrodynamic Morphodynamic simulation
For whole model domain
Mean front_lveloaty 1.06 514
(m.s™)
Inundation area (m?) 3,668,490 3,681,220
Sediment moved (ma) - 469,800
By way of example, for cross-section 7, 7.05 km from ice margin
Flow depth max. (m) 3.75 3.4
Time of peak flow 01:20 after start 01:05 after start
Cumulatlve bed 0.88
elevation change (m)
Time of max. bed level - 06:15
Velouty_lmax. 3.95 a1
(m.s™)
Max. bedload transport
rate: all fractions - 0.0116
(m*stm™?)
Max. bed shiar stress i 308.75
(N.m™)
846

847  Table 4. Summary of results of hydrodynamic and morphoynamic simulations
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855 Figure 1: Location of Solheimajokul and Solheimasandur on the southern margin of Myrdalsjokull in southern Iceland. The
856 numerical model domain used in this study is indicated.
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Elevation
Points

* Splines

Grid

Bathymetry
points

Figure 2: Steps involved in the creation of the curvilinear grid. [A] Splines are defined using sample points as a guide; [B]
Splines interpolated to grid; [C] Grid refined; [D] Grid refined and orthogonalised; [E] Grid clipped to desired extent of
model; [F] Bathymetry points mapped onto mesh.
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885  Figure 3: Input hydrograph to Delft3d as defined by: field measurements of river stage and discharge of 1700 m’s” made
886  at the bridge by Sigurdsson et al. (2000); the peak discharge estimates of Russell et al. (2010); and knowledge of the flood
887  trigger. The first 6 hours of the hydrograph are the input values for the ‘baseflow model’ and the following 6 % hours are
888  the ‘jokulhlaup model’.
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905 Figure 4. Sensitivity of cross-sectional discharge and mean cross-sectional bed elevation change to Manning’s n roughness.

906  Cross-section is 50 m upstream from the downstream boundary.
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911  Figure 5. Clast size analysis of the ice-proximal boulder fan.
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925  Figure 6: [A] Size of clasts measured at the ice-proximal boulder fan. [B] Flow parameters reconstructed using the
926  palaeocompetence technique. Note that there are some minor interpolation effects along the periphery of each map in B.
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210 min _¢

330 min &7

i,

cross section 1

cross section 2

cross section 5

cross section 6

cross section 7

Background image is the 1996 orthophotographs,
1km A 1996 glacier limit highlighted in pale blue.

= Note that flow depth scale is not linear.

Figure 7: Modelled flow depth for duration of simulated jokulhlaup. Note the wetting and drying effect at the
edges of the flood, highlighted in red. Yellow arrow highlights area of palaeo-channel reactivation near the ice-
margin. Time in minutes since flood initiation are shown in the top left corner of each image.
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Figure 8. Comparison of spatiotemporal hydrodynamic and morphodynamic simulations. Maps pertain to time
01:30 after flood initation. Note that deeper and faster flow occurred than legend suggests, but colour scale is
optimised to show variability. Note only bed elevation is plotted for cross-sections 1, 3, 5 and 7, and flow velocity
and flow depth are only plotted for cross-section 7, for brevity and clarity. Note changing y-scale for bed
elevation. More temporal information on hydraulics at each cross-section is given in Figure 7 and for cross-sections
in Figure 9.
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955  Figure 9: Downstream variation in modelled hydraulic parameters for the morphodynamic model run.
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961 Figure 10: Bed elevations at three cross-sections at the start of the modelled jokulhlaup (0 minutes) and at the end (330
962  minutes). The spike in elevation gained at cross-section 1 remains unexplained. Cross-sectional distance x-axis is measured
963  from the true left bank. For location of cross-sections, see Figure 8.
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973  Figure 11. Comparison of DEM of difference between 1996 and 2001, and the net cumulative elevation changes as a result
974  of the morphodynamic model, in part [A] both overlayed on the 2010 LiDAR-derived hillshaded DEM. Note colour scale in
975  part A is to emphasise detail and values < -1.0 and > 0.5 did occur. Black line in part [A] is the long profile along which
976  elevation differences are plotted in part [B]. White ellipses in A delimit zones mentioned in the text.
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984  Figure 12. Pattern of cumulative bed elevation change discriminated by rising and falling hydrograph limbs, overlayed on

985  aerial photograph mosaic.
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Supplementary materiat video (.avi) files of spatiotemporal flow depth, velocity, bed shear stness]ef
number, total sediment transport and cumulative bed elevation change.
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