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Coastal Dynamics 2013

MODELLING IMPACTS OF “JOHANNA SHORM” ON AN OPEN-BEA CH WITH ECORS
SIMULATORS

Olivier Morio®, Thierry Garlaf, Serge Suanéz Patrick Guyomard

Abstract

Morphological and sedimentary dynamics processesanly beaches are not well understand. To bettégrstand
coastal processes on these highly complex envirogntiee ECORS system, led by French OceanographiceQff
have been developed and allow coastal short-terecdsting. Models formulations are complex and mbésiem are
validate with laboratory data. Comparison betweasdets results and field survey are not easy bueswgy to
improve a model. We reproduce in this paper theattsp of the “Johanna” storm (March 2008) on VouBetch
(Finistere — France) using the SWAN-EPOC1DBeach niglehain (still in development.) Dune erosion héesn
reproduced by modeling chain. Comparison of SWAN-BCBDBeach model prediction with observations shows an
overall good correlation. Dune erosion, sedimentigosits and equilibrium beach profile are obskrve

Key words: Modeling, beach profile, storm, erosion, dune, rhoynamics

1. Introduction

Even if hydrodynamics phenomena, like wave behawoe relatively well understanding, scientific
studies of sedimentary dynamics in its natural mmwhent are also beginning. Sedimentary model are
most of the time validate by laboratory study (dwesnal test) but not by comparison with natural
environment data.

Vougot beach is a macro tidal beach, located inNloeth of Finistere (France), which is frequently
exposed to storms. This beach is formed by a mashime complex 250 m to 400 m wide which was
constructed during the Holocene (Guilcher and Hall#&t, 1991). It culminates at 13 m NGF in altitude
(i.e. above sea level — asl). (The altimetric refiee NGF —NivellementGénéral Frangais —refers to
French topographic data. In our case this referensituated 3.5 m above the spring-tide low-wégeel).

In March 2008, «Johanna» storm reached the Nortbgean coast and significantly impacted the beach
and the dune system (Suanez and Cariolet, 201@l@@ed for naval amphibious operations and led by
the French Oceanographic Office, the aims of ECQR&ulator is to predict short-term morphological
evolutions of sandy coasts in order to better wstded hydrodynamic and morphodynamic processes of
these highly complex environments. In order to eatd the validity of the modeling ECORS system, we
tried to reproduce the impacts of the Johanna storiviougot Beach using one of the four morphodyigami
models of ECORS : the SWAN-EPOC1DBeach modelingnckstill in development by University of
Bordeaux I, France). We also compare model resutlsfield survey results.

2. Environmental context

This first part of this paper focus on geologiceddimentary and morphological context of Vougot
Beach.

Ynternship at French Hydrographic and Oceanograpffice (SHOM), 2% year student Master «Expertise et Gestion
de 'Environnement Littoral», Institut UniversitaiEuropéen de la Mer (IUEM), Plouzané (France).

2French Hydrographic and Oceanographic Office (SHD&partment of Sedimentology, Brest (France)

3LETG-Géomer - UMR 6554 CNRS (IUEM, Plouzané, France).
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2.1.Study area interest

The study area covers Vougot beach located in th@aipality of Guissény. This town is situated twe t
north coast of Finistére (Brittany, France) (figut® Vougot beach presents several challenges and
particular interest. In fact, it has been heldhree different projects monitoring the risk of ftbiog of his
coastal foreheadlhe study area was selected in partnership withaheratory GEOMER -UMR 6554
CNRS- of the « Institut Européen de la Mer » (Eeap Institute for Marine Studies — Plouzané, France
which monitoring this area since seven years. Qlsienal data from the beach Vougot are consistadt
the comparison with model results will be facikitat

2.2.Geomorphological and hydrodynamics setting

The study area is characterized by large rockyropt: Vougot beach present a sandy foreshore where
islets and reefs of migmatite (metamorphic rock)a(dbux et al., 2004) emerging at low tide. Vougot
beach is formed by a massive dune complex 250 #0f m wide which was constructed during the
Holocene (Guilcher and Hallégouét, 1991). This damehored on Zorn cliff, stretches over about 2ilkm
a southwest to northeast direction. It culminate$3am NGF in altitude (i.e. above sea level —.d3lhe
altimetric reference NGF NivellementGénéral Francais +efers to French topographic data. In our case
this reference is situated 3.5 m above the spidwtow-water level). Over the last decades, theedof
Vougot beach has experienced erosion (Suanez.20H0). The geological scheme (figure 2) preseat th
main sedimentary and lithographic shape of theystwda. At low tide, the intertidal beach surfaae be
exposed over more than 400 m. Macrotidal rangbefitea (reaching 8.5 m) explain this large surface

Deep-sea wave rose characteristic are presengarefB. Climatic wave data have been calculated by
numerical model (Suanez et al., 2011). The prinayffahore waves arriving in the Guissény area Igost
come from a west-north-west direction. Islet andf iedeed waves diffraction and also relatively lwel
protect Guissény shoreline. Coastal environmer@utsény is very complex and indeed multiple hydro-
morphodynamics phenomena (“comet tails” formedhat lee of reefs and islets, waves deformations).
(Suanez et al., 2011).

2.3.“Johanna” storm characteristics

2.3.1.Meteorological observations

The storm of 10 March 2008, named “Johanna”, hetribrthwestern tip of Europe. On the evening of
Saturday, March 8, 2008, two days before the steanhes the west of France, low pressure arearisabo
Newfoundland (Pressure = 1010 hPa). The storm sifted during his journey along the 55th parallel
north (Cariolet et al. 2010). The cold front of tthepression reach the north coast of Finistére arcim
10" morning. Atmospheric pressure decreases, from 19R8 to 975 hPa. This pressure drop is
accompanied by a change of wind direction (WestWest ), building to 20 m’s These weather
conditions have influenced hydrodynamic conditions.

2.3.2.Hydrodynamical observations

At the peak of Johanna storm, an significant waeglit (Hs) of 11,5 meters and a peak wave
period(Tp) of 17 second are observed at the buoy n°020Lés Pierres Noires » (figure 4). This
permanent buoy is the nearest buoy from the stuelg. aAccording to Komar P.D. (1998) formulations,
coastal Hs and coastal Tp waves values will be iatgmrtant. Swell off direction are also correlated
wind direction. Water level observed at Roscofetghuge station (located at about 30 km from tka)ar
reveal a storm surge due to Johanna storm. Obgmrsat the buoy were supplied by CANDHIS service
from National swell off database frothe Institute for maritime and inland waterwa¥3ETMEF-Brest)
and tide prediction data were provided by the RERVBervice from SHOM.

3. The ECORS coastal forecasting simulator

3.1 ECORS project
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ECORS program, developed by the French Defebsedtion Générale de 'ArmementDGA), is
divided in two step : terrestrial and marine. Thead one is led by the French Oceanographic Odfick
focus on marine environment for amphibious and haparations. This marine step of ECORS contribute
to a better comprehension of marine environmentigndynamics : waves, currents, beach morphology
and sedimentary movements.

Coastal sea state quality and temporal variabdftyenvironment are poorly understood and are often
limited to statics information (specific point iftmie). Coastal landing zone can be also limited. For
example, the tridimensional dynamics, related tdrbgtynamic condition, of sandy bars, often located
intertidal or subtidal zones, can prevent beaclessecBorn from five-years of theoretical reseafiet

and laboratory experiments, and numerical modeleldpment, this theatrical simulator can be appi@d
the hydrodynamics and morphological processes statating (in order to help amphibious operations),
but also to coastal management and to improve ricatenodels.

3.2 The coastal forecasting simulator

3.2.1 Principles

The ECORS coastal forecasting simulator for samuty gravelly beaches is an portable, autonomous
and complete tool, available on every beachesamitrld. This simulator is composed by three péitst,
the simulation environment that integrates a systémarious models allows to calculate tide, svoffl
and coastal waves, currents, and morphology chahgeaches. The second part concerns data space and
workspace which centralized all data necessaryhiioperation of the simulator. Models are conrtbtbe
the SHOM sedimentological and hydrographical datebaThese databases allow to characterize coastal
environment and their short-terms dynamics (fromv feours to few weeks). The third part of ECORS
simulator is its graphical interface (“QuantumGisased) which is the component with which users
interact with the simulator. These three componentsract with each others to fulfill the desired
functionality. This simulation is divided in twoJels : ECORS first order model and ECORS secondrord
model.

3.2.2 Modeling strategy of ECORS simulator
Figure 5 present the conceptual scheme, includifigreint “environmental systems” and models, of
ECORS analyze strategy. Three types of modelsacténemselves.

v" Swell off model
Some forcing define this model : swell off conglits, tide data and coastal digital terrain elevatio
(extracted from multiple database like GEBCO, SH@isthymetric database). Swell off model is
generated by WaveWatch T modeling results, based on satellite measuresvan@ recorder data.
Developed by “Météo-France” and “SHOM”, modelingul provide swell data of 30 minutes mesh and
with a 15 minutes time step over a decade (192008).

v" Hydrodynamic model
This model incorporates forcings from the wave nhaahel external forcing such as tides data, the DTM
and SHOM digital model of sediment. In this stuffgr swell off propagation in coastal area, SWAN
model is used and SWAN output forced hydrodynantimmonent of EPOC1DBeach model for waves
propagation on near shore area.

v" Morphodynamics model
Morphodynamic model depend directly from hydrodyimaone. Beach morphology and sedimentary
transports are managed by this model. An retroactith the swell model create a cyclical modelihgio.
In our case, EPOC1DBeach model compute morpholodysadiment transports evolution.

3.2.3 ECORS first order models

The ECORS simulator first level is composed by $amiirst order models. These models allow to
calculate the general characteristics of the tacgbeach. The first level not use a surface approathe
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study area and is only based on some parameteais &ee data, statistical wave climatology datialt
range, etc.) (Garlan et al., 2011). This firstesrdhodeling calculate many parameters like, equilib
subtidal beach slope and profile model accordindéonabeu classical formulation (2003), Bernabeu
formulation with tidal translate (2006) with tidgbarameters (2006), Rectors and Dean-Moore
formulations. Number of beach bars in subtidal deezording to Short and Aagaard formulation (1993)
Iribarren number for break characterization, andrsg are also calculate.

3.2.4 ECORS second order models

The ECORS simulator second level integrates seocoder models (in 2D and 3D). Models of this level
require to have digital elevation models (DEM) whiare based on depth data from different sources
(soundings, multibeam echosounder data, chartdedrilata), with heterogeneous quality and dengity o
data (Garlan et al., 2011). Figure 6 present theeeptual model of ECORS simulator second level.r Fou
morpho-dynamics models, coupled with hydrodynamiodeh, can be intend to use : SWAN-
EPOC1DBeach (University of Bordeaux, France), SWABkach (Deltares, Nederland), SWAN-MARS-
SEDIMORPH (Ifremer, France) and REFDIF-WENOHH- (
We focus this study on a second-order modeling $ithAN-EPOC1DBeach.

3.3 SWAN-EPOC1DBeach Model

3.3.1 Model selection.

In this study, Islets and reefs effects on wavdratifion is not considered. The current ECORS
simulator model version not allow to fixe hard stures for littoral DTM. This fact explain also thae
select an 1Dimension model. We also consideringpél@ which avoid reefs, at the North-east sectidn
Vougot beach (figure 1).

3.3.2 Model setting

v" SWAN model

SWAN is a third-generation wave model for obtainieglistic estimates of wave parameters in coastal

areas, lakes and estuaries from given wind, bottathcurrent conditions. However, SWAN can be used
on any scale relevant for wind-generated surfae@iggr waves. The model is based on the wave action
balance equation with sources and sinks (Ris etl8P4). The model is formulated in terms of action
density N (energy density divided by relative freqay). The SWAN wave model formulation are detailed
in Ris and al., 1994.
SWAN simulates the following physical phenomenalfhgjsen et al., 1989; Ris, 1997) :

- Wave propagation in time and space, in banks, tduefraction and depth, frequency shifting
currents and depth non-stationary.

- The generation of waves by wind (not activatee@ORS simulators).

- Nonlinear Interactions (both quadruplets analds).

- Friction on the bottom, and depth-induced bregki

- Blocking of waves by the current.

v' EPOC-1DBeach model
1DBeach is a 1DH model (one horizontal dimensiohictv simulate the cross-shore beaches dynamics,

including sand bars. Developed by the UniversitBofdeaux, the evolution of beach profile is based
simple model which integrates an averaged phasaoagh and coupling wave, sediment transport and
bathymetric evolution. This model allows to simeldhe migration of sand bars to the edge or seaward
through a parameterization of sediment flux perpmrdr to the coast (Castelle et al., 2010). This
parameterization considers the asymmetry of theeveand acceleration near the bottom. EPOC-1DBeach
model is composed by a hydrodynamic module andrssutiary module.
The hydrodynamic model is defined by this followipgrameters :

- Variation of the wave energy flux

- Mean sea level variation of free surface is Hake equation of conservation of momentum

- Energy flux associated to break

- Undertow current
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- Long shore sedimentary flux
- Wave modeling
- Sedimentary equation of conservation
A detailed description of this morpho-dynamic moaletl formulation is presented in Castelle et 2010.

4. Field data, modeling data sources and modeling panaeters initialization

Grain size analyses have been realized in may 201&tder to characterized Vougot beach. These
values have been obtained by usinBexkman Coulter LS 13328ser diffraction particle size analyzer,
the density of the sediment was measured with dintdgycnometefAccupyc Il 1340)and porosity was
then obtained from this measurement. We also cendat this study a homogeneous grain for all & th
Vougot beach. The median particle sizegPaverage of all sediment sample analyze, is 038 related
to a fine sand. For sedimentary characteristicalge forced models with a sediment porosity of 3%%,
density of 2650 Kg.f. Water physical and chemical proprieties are pawith statistics data from SHOM
for a winter-ending season. Cinematic viscositydédined as 0.0000011 4s*, water density as 1021
Kg.m? and temperature as 10.5 °C and salinity as 34S1%. ECORS calculate gravity constant for this
geographic position and assume it as 9.819%.nrgure 7 show coastal DEM for swell off propagati
from points with valid swell data (two yellow poiit SWAN model is forced by using WaveWatcHMII
modeling results from ECORS database.

Three specific parameters are defined for SWAN-EPDBeach models. Break slope is fixed to 0,1.
For break energy dissipation model we use Ruesstinil. (2003) formulation including a true flag
avalanche parameters.

5. Comparison between modeling survey and field survey

Backshore and intertidal beach dynamic are stuidiedder to validate the modeling results (figuje 8
We forced EPOC-1DBeach model in order to reachrthgimum sea level (Suanez and Cariolet, 2010). In
fact, this morphodynamic model just considering spt phenomenon but not run up one and water
elevation (storm surge due to low pressure). Qran®z et al. 2011 shows that these two phenonsrea h
a major impact in the beach dynamics during Johatman. Suanez and al. (2011) calculate run-umvia
semi theoretical approach using the basic equaéstablished by Hunt (1959), Battjes (1971) anchiéwmi
(1986). The maximal run-up (set up + swash runrapgh 10.4 meters (dune crest) during Johanna storm
(Suanez and al., 2011). So, characteristic watel i@ SWAN-EPOC1DBeach model have been modified
by an external method (not implement in ECORS sataus). We simulate a maximum water level of
11.56 meters. (wave break included), correspontdimgaximal tidal range.

Observations realized by Suanez and Cariolet (2616)v a major erosion of the dune toe. Comparison
of EPOC1DBeach model predictions with observatisingw an overall good correlation (Figure 8). The
major erosion of the dune toe is well modeled byleh@hain. Beach profile readjustment followingshe
erosion phenomena on the nearshore to shoreface wonld therefore result in post-storm sediment
transport between the upper intertidal beach aeddtver intertidal beach—nearshore to shoreface.zon
These processes have been particularly well destbly Dean (1991).

However, due to the relative simplicity of modelargmeters and sedimentary dynamics equations,
results under or over-estimate the real impact stbam on the Vougot beach. Figure 9 show thatmelu
variation modeling result during the storm are egémated. They do not accurately reflect reabiyt
they show tendencies. In fact, sedimentary voluraasport during Johanna storm is over-estimated by
EPOC-1DBeach model. The 10 meters gridded DEM dsednodeling smooth beach profile and not
allow to reproduce the hard slope of dune. Moreother complex bathymetry of Vougot Bay, with the
presence of rock reefs, explain probably most efdliferences between modeling results and thetyeal
and define the limits of the morphodynamic model.
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6. Tables, Figures, Equations and References

3.1.Figures
*
en Faizog ** .
Os (2) I.n-p-k.-rr-p*
1ée (voir nota)
77
Sgry)

s
= bESH a:;‘

2/

v

~Voug ol baadh-
Guigseany, Finistdre, FRANCE

Figure 1. Geographical situation of Vougot beacth modeling profile— Guissény town, Finistere, Feanc

L EEEEE Wetlond —— | «—— Dune Beach  t=======mm=----- >

Erosivemark of
Johanna stonn

Supratidal i Intertidal Subtidal
beach E beach beach

Figure 2. Hypothetic geological scheme of Vougegar

1256



Coastal Dynamics 2013

HETEN

ARIEN

HELOF

MBI

. 50, £33 [ B8
Eﬁ :lr ml l:ﬂ Elﬂ
E‘Il Elz ELI E'H E'l
F=he Ly [T &y Fn
‘]’l

W 4 ITW

Crmtrrmasrpiloiesggaca man = 1 mavee-ciil jrlatfommm, 3 iwbired, 40 gronssl shimt 4- aaied Bsrch Scrmvaat (a1, B: it
duitw. J auer s 0 sy depout, O S0 10 b i s, b1 o U e stans 1§ eocky 18, 1402
peraglec i £H, 19 abascdinmetl L T comes sl 18 hEE cuoen | A E s mbtsctnn, 10 g dhelenos
structure X Lt 71 wrtan gome Ve mse sabibshed fram data olitsned by a mamerical muodel reer fhe
vt TS0 deniroes Labbarstolet Wikl dbeiricpe e dEdmnnement LMBE-EDE hatos, and
Cemine diETuces Fechnisques Marities ErFlonslis, CETMEF Brest]. Wind sose esbabishosd e il obsainisd
by tht Bbinin Fronac e rescowed] snatiints af Bieivingan meer 1 poeifond 1088 3007

Figure 3. Geomorphological map of coastal areaw$szny town, centralize on Vougot beach

(from Suanez et al. 2011)

1257




Coastal Dynamics 2013

I,
1050 f\,\
Pl I o5 Heiat - H3 feters |
200 | 1 | " |
o~ Al
- AN N
J el Al SN
I NN/ VAN
11 . A N i o W )
[N AN A M e N
10 N s - A
e @ %, % %, % - %,
%, %, %, %, %, %, %, %,
“ “ “a, *, 3 s % .
1550 |
\ R I Peak v
wed |y Al B L
VEM A APV Wy | )
e VWA o » . e Vi 1 [N L, , N
Iy Vih a |,.V;" bl ) J' \III' VT PV LAV AT (V) LR
wl | L LA | L Y VA B Lo (1 et 1 A A W A TV S
! Vol 1] [ LIV U I ! Uh W TN
oso ' ’f | I' (i !! er “lﬂ ! | L R VAe
l F | il
300 l:"
v
- *, % %, K “, i kS
'a’«_ q%_l "'Iw'_!_ &]-ka "q-ca% "!AG. a?w_. %__9
1 [v/\v‘w .#‘v’\\ AW \ ) 1P w/\‘ YW A sl
' \v’..‘ JJI’ v 1]\ # I{i*'wv\.\ NJ(,\\JN\w’\/h‘jwr\%p - o W‘ Wl A \\f/ WA WY
1 \
v N
v I v i Vi !

. N ] %,,%% a,%%% ,%%% %,,_% %%% ’c,%%% ’za%%
. | erm |

; /r\ /\ /'\ /r\ f\ /‘\\ /r\ f\\ A N A N . {
n \//\/\\/\/\/\\/\/\/\/\/”\f\/
IR RI AV RVRTR TRV
STERTERTERVER VAR VARV AR VAR AR

R N N

Figure 4. Hydrodynamical data during Johanna semthapply to SWAN-XBeach models
The observations of Roscoff are the property of BH@d are available on the REFMAR website (refmansfr)

Swell off data are extract from swell off nationatalaase CANDHIS. Measures have been realized bylaboohtion
between PREVIMER and CETMEF.

1258



Coastal Dynamics 2013

State of ocean

i
| Morphodynamic model
i

i
|
v

Figure 5. Conceptual scheme of ECORS modeling sirdfegm Garlan et al., 2011, modified)

e ——
OffshoreDEM

“ECORS DB
corsos

Sedimentology -
Bathymetry
Coast line

Tidal constants-

Wave climatology

.

Nearshore DEM

Nearshore

wave

Nearshore
currents

Results :
Beach profile
Wave characteristics

Figure 6. The conceptual model of ECORS simulatoorsgdevel (from Garlan et al., 2011).

1259




Coastal Dynamics 2013

-49°3010"N

49°0'0"N—
-49°0'0'N

48°300"N—
-48°30'0"N

48°00'N—]
-48°00'N

Coastal digital terrain model
ECORS simulator

SHOM coastal line
Ovalid swelldata @ No swell data

N |
S O
\bb'\qf:'\ Q,f)@(b")
ORORIAN e“,go@@@

L g

¢ & %@
o & S o

Kilometers
N 0 20

Data origin

SHOM bathymetrics data, Histolitt data (IGN/SHOM),
BDALi-250 m data (IGN).

Design : O. MORIO, January 2013

Figure 7. Coastal Digital Elevation Model for siaff propagation.

1260




Coastal Dynamics 2013

BO0Z/E0/ET N0 PPOW 800Z/€0/80° Ui PEOA B0CL/EV/EL N0 Ppoyy B00L/E0/80 V1 19PON - - - - BOOZ/E0/E17 1IN0 PPON 8007/€0/80 U 9PN = === 800Z/EC/ET NI |2poIy £00Z/€0/80 U PPON = ===
sizaw) yuspuawdos (ssmraw) wiBuaruswses (s1230u1) piSuapjuswdas [ss310u) Juswfas
032 26T 08T ot [} ort o€T Tt o1t 001 oot 08 09 ot or [its ot
o o - ’ / -
L s vy Bl
v L — has
T . co B I stiZ
- = = St g g
~- . E g z
. =] ssg s B v
b B <5 - 2
~ = s osg s g s
b z .8 6 B e ¥
e — = 555 4 2
~. 9t Sil ~ 96 SEL
[ ~g " ot =
T v
o £9 50T = St
423G [EPIIBULIIMOT =y JUBWEIS g Yaeaq [2piusiur apiw =g uawdag g — yIeaq [epiiaju; saddn = Z swdss g — @Joysydeg pue aung = TIuawsas g \«J
( ae (A (W
i 800Z/TO/1Z BO0T/€0/TT a.nseapy 8007/20/17 @mszay - - - // W 8002/20/77 24nsealy \ 5002/£0/7T nseap R007/20/17 2NSEIA - — - -
(sso10W) WHUS WSS [s4320w) Wsus| JuaWIag = 121014) Y33U3| 2UBLIAS (s1919U ) YyHUS|UBWHAS
ooz (31 art osL ot (i3 ot 6 oL [ix] [ or 13 oe oz or
o (43 L
g o8 fl
{ B
=t s e 5 2 L
H < H o §
s L -4
313 T 9 m m
T . vog g
N TeE 992 ok
vl o | o
- = A
. o vl
9 vL ST
yaeaq [epiM3ju] JaMOT = p uBWEASTY ydeaq [epila3ul SPPIA = £ IUaWEISTY Yoeaq [epi3Jajul J3ddn = ZuzwsasTy \\ aioysydeg pue aung = T uawIag Ty

€

203q [DpI3)Ul 12MOT Yo0aq |bpiria3ul 3|ppIN Y303q [pp1ya3ul 4addn aloysydpg pup aung
(s1312u) Y12u3| jyoid (s4mou) yiual 3010
cer o0sT oot 05 0 ooz 05t oot 05 o
0 0
, ORl
9 ww T — 9 mw
8 WP‘ - /J///,/ El W
Em = né
PN s R s S SO U SN VOB S S St s S P a3
SEURITIEPIT |2 WIXEIAl -~ -~
8002/80/£T N0 PROW ve vl
800T/£0/80 or E

Qv pue g€ ‘9z 'qL SIUSWBIS : s3Nsa1 [Bpow Ydedgal - NYMS

ep pue eg ‘ez ‘e| s;usawbas : skaAns |ediydelsbodo)

Figure 8 : Comparison between topographical sureegsmodeling results of the impact of Johannanstor

on Vougot beach.

1261



Coastal Dynamics 2013

Tracé de la variation de volume sédi ire d50=259pm n=45%

Afvolume) e

Afvolume), .,

Profil modéle avant tempéte |
— Profil modéle aprés tempéte |

a0 100 150 200 250 300

Figure 9: Volume variation of sediments duringauatia storm along modeling profile
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