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Highlights

e A coupled 1D-2D shallow water model for irregular geometries is pro-
posed.

e The fully conservation property is guaranteed in the coupled model.

e Level-volume tables and left /right overflow levels are requi

e The coupled model is applied to a realistic configurati iber

river.
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Abstract

Coupled 1D-2D numerical strategies are presented in this work for their
application to fast computation of large rivers flooding. Both 1D and 2D
models are built using explicit upwind finite volume schemes, able to deal
with wetting-drying fronts. The topography representation is described via
cross sections for the 1D model andwwith quadrilateral /triangular struc-
tured /unstructured meshes for the 2Dimodel. The coupling strategies, free of
hydraulic structures and tunning parameters, are firstly validated in a labora-
tory test dealing with a levee break and its flooding into a lateral plane. The
numerical results are ¢ompared with a fully 2D model as well as with mea-
surements in some gauge points giving satisfactory results. The simulation
of a real flooding‘scenario” in the Tiber river near the urban area of Rome
(Italy) is thensperformed. A lateral coupling configuration is provided, in
which the flood wave propagation in the main channel is simulated by means
of a 1D miodel and the inundation of the riverside is simulated by means of
a 2D medel, On the other hand, a frontal coupling, in which the flood wave
is simulated in a 1D model first and then it is propagated into a 2D model,
ig“alsoiperformed. The flooding extension is almost well captured by all the
schemés presented, being the 1D-2D lateral configuration the most confident
with"Speed-ups of around 15x.

Keywords: 1D-2D coupled model, shallow water, conservation, river
flooding
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1. Introduction

Environmental hazards associated to flooding events near urban areas are
becoming a growing problem. Modern flood risk management and mitigation
plans incorporate the presence of numerical models that are able to assess
the response of the system and to help in the decision-making processes.
However, the advances in computers are not sufficient to run the simulations
as fast as desired and new models are demanded in order to cover,all'the
possible scenarios in large temporal and spatial scales. Hydraulic models can
be classified according to the number of dimensions in which they represent
the spatial domain as 1D, 2D or 3D. In particular, 3D approaches may not be
adequate given the available information, basically topography, local water
depth measurements and observed flooded area extension. For that reason,
1D and 2D models are preferred. The Shallow Water Equations (SWE) allow
to model the flooding phenomena. 1D SWE, models are usually adopted
when simulating long rivers and open chanmelsflows [8, 38, 20, 1, 36, 40, 35]
due to due to their computational efficiency,wparticularly for river network
systems. However, they are unable to appreximate correctly the behaviour
in floodplains. On the contrary, 2D,SWE models are valid when modelling
complex not canalized flows asfloodplains [13, 7, 5] nevertheless the large
amount of computations required‘in real world applications make them very
time consuming and unaffordable in real time simulations.

To overcome these diffieulties, coupled models can be adopted. Although
coupled 1D-3D models have been developed recently for simulating the inter-
action between rivers and oceans [12], 1D-2D models are still widely popular.
The first simplifiedslD-quasi 2D model dates to 1975 with the Mekong river
delta model [14]where a 1D model of looped channel flow, solving the SWE
with the Preissmann Scheme, was integrated with a storage cell algorithm
using the massconservation equation to link domains. The storage cell ap-
proach” was latér adopted also by Bladé et al. [4] on academic test cases. In
a similar way Kuiry et al [23] applied a simplified 1D- quasi 2D model to a
stretch"of River Severn, solving 1D SWE in the river channel and using a
storage cell method to compute the overbank flow. The exchange between 1D
and 2D models is represented by the diffusive wave approximated equation.
Villanueva and Wright integrated a 1D model with two 2D models [39], the
first based on a storage cell approach and the second on a Riemann solver.
These models are linked via spills between the main channel and the flood-
plain with mass transfer. In [29] two strategies are reviewed to improve urban
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flood forecasting. The first consists of a simplification of the mathematical
formulation using an efficient 2D raster storage cell approach coupled to a
1D channel model. The second one uses a sub-grid parametrization to rep-
resent the effects of buildings and micro topography on flow pathways and
floodplain storage. The two strategies are evaluated through a numeérical
experiment designed to reconstruct a flood in the city of Linton, England.
Castellarin et al. developed and tested the applicability of a quasi 2D, hy-
draulic model [9] to aid the identification of large scale flood risk mitigation
strategies. This approach considers the interaction between the channel and
the floodplains only by mass transfer, completely neglecting the momentum
exchange.

In most of the proposed 1D-2D models, the connectien 1s formulated by
means of a lateral weir equation [38, 15| in which.the exchanged volume
is governed by surface level differences [26]. The, same idea was applied in
[21] to solve a levee break. The authors coupled*a full 1D model based
on SWE solved by Preissman method with a 2D model which solves the
diffusion wave equation by a finite difference method. The overflow through
the broken levee is treated as an imternal boundary condition. Yin et al.
coupled a 1D solution of the full form of the SWE and a 2D floodplain
flow model to predict the Huangpu,river flood and inundation extents [41].
In [16] the hybrid methodology was also used on a 28km reach of Reno
River: flows through the lateralweir and simulated breaches were computed
by a 1D approach andsthen adopted as the inflow boundary condition for
a 2D model of the flood*prone area. Horritt and Bates [22] compare two
approaches to model floedplain inundation: a raster-based approach, with
channel flow being tesolved separately from the floodplain using either a
kinematic orddiffusive wave approximation, and a finite-element hydraulic
model aiming te, solve the full 2D SWE. The approaches are tested on a
flood eyentOn a short reach of the upper River Thames in the UK, and are
validated against inundation extent as determined from satellite synthetic
aperture radar (SAR) imagery. Masoero et al. [28] apply a similar approach
to compute the flow through the levee breach of the river Po.

Miglio et al. [30] applied an iterative procedure to solve the coupled 1D-
2D problem after transforming the 2D variables into 1D integrated quantities
and imposing continuity at the interfaces. This technique turns out to be a
reliable strategy provided that a proper choice of the subdomain is performed,
only for simple configurations (e.g. a straight channel or a river bifurcation).
Yu and Lane [42] propose a loosely coupled approach where the 1D model

4
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is used to provide boundary conditions to the 2D model at the floodplain
interface prior to the initialisation of the 2D model. This study showed that,
if the exchange between river and floodplain is not represented correctly, it
is likely that flood inundation extent will not be modelled correctly. The
importance of boundary conditions for flood inundation predictions istalse
emphasized.

The idea of a locally zoom model superimposed over an open channel
network global model is elaborated in [19, 17]. The zoom model, (2D\SWE)
describes additional physical phenomena which are not represented-by the
global model (1D SWE). The application of this model is 6nly shewn for toy
test cases. The same model was further developed in [27] showing results for
simple test cases.

Recent research has advanced in exploring 1D-2D coupling strategies to
combine the best attributes of each model. In{18] a goupled 1D-2D model
was presented, in which the momentum transfer between the main channel
and the floodplain is taken into account. The model is first applied to simple
test cases and then to a real world configuration. Also a coupling approach
of a 1D and a 2D model working in_subcritical conditions is found in [11].

A numerical method for coupling™full)1D and 2D finite volume scheme
is presented by Morales-Hernandezet al. [31]. The linking between the two
models is pursued by exchanging the necessary information to achieve a fully
conservative 1D-2D coupled model, considering the information that leaves
out each computational.domain and its connection to the boundary condi-
tions. In that preliminary work, the performance of the coupled model was
evaluated in academic test/cases specifically designed to check the influence
of the flow regime atythe coupling zone.

In the présent work, a extension of [31] to realistic problems of interest
in engineering isyexplored. The topography is usually described by means of
cross sections in the main channel of a river and with DEM (Digital Eleva-
tion Model) over the floodplain. These two sets of data do not always match
perfectly. Instead, they overlap in some regions or generate gaps in others
[10]. Our effort has been devoted to obtain the best topography representa-
tion réquired by all the models. In particular, left and right bank limits have
to,be identified in the cross sections to enable the connection with the 2D
floodplain when facing a lateral coupling. Moreover, a careful and detailed
surface level/water volume is required at the coupling zone to ensure the
success of the proposed coupling strategy.

Both models are implemented using a single finite volume framework
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based on an explicit first order upwind numerical scheme [6]. The way of
coupling the 1D and 2D hydrodynamical models can be frontal or lateral and
is presented according to [31]. The 2D computation can be performed over
structured /unstructured triangular and squared meshes and this possibility
will be illustrated.

The main objective of this work is to stress the capability of the ptoposed
1D-2D coupled model in flood applications. After this introdugtiony, the
governing equations as well as the numerical scheme are detailedsTheilD-2D
coupled model is outlined, with special emphasis on the connection=between
the models. Then, one laboratory experimental test case corresponding to
a levee break in a channel propagating into a lateral flood plain [3] has
been simulated and then the coupled model is appliedsto a real flood in
the Tiber River, Italy. Numerical results of the 1D-2D _coupled model are
compared with those obtained with fully 2D schematisation as well as with
field measurements.

2. Governing equations

2.1. 1D shallow water equations
The 1D shallow water equations\express the conservation of mass and
momentum in the longitudinal direction and can be written in conservative
form as follows:
oU(z, ¢y dF(z,U)
ot + dx

- (o) (g8 ) 1= (omrals-sn) @

wherg () is thé discharge, A is the wetted area, g is the acceleration due to
the gravity, Sy accounts for the bed variations

= H(z,U) (1)

. 0zb
S0 =~ or (3)

and S represents the friction losses modelled by means of the empirical
Manning-Strickler formula:

B Q2n2

S1= g W

6
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being n the Manning’s roughness coefficient. In this work, the hydraulic

radius R has been chosen as R = — where B is the top width surface. This

fact allows to homogenize the meaning of the roughness coefficient n in both
the 1D and the 2D models. I; and I, account for hydrostatic and longitudinal
width variation pressure forces respectively:

L = /zs(h—n)a(w,n) dyp I, = /zs(h—n)w dn (5)

Zb Zb

where z, is the water level, 2, is the bed level and o(z,n) i the width of the
cross section. It is feasible to derive the non-conservative system/of equations
from Egs. (1), (2), considering the following remark [31, 8]:

dF(z,U)  0F(z,U) OF (z,U)
dx N ox oy

Therefore, 1D shallow water equations’can be written accordingly:

U (z, 1)
o (6)

U=const x=const

oU(x,t) N OF (z,U)
ot Ox

where H'(x, U) represents the veetor related with the sources, expressed
in the non-conservative form:

=H'(z,U) (7)

r=const

_ 9F(z,U)

H'(#,U) = H(x,U) o

(8)

U=const

2.2. 2D shallowwater equations

The depth, averaged mass and momentum conservation are expressed as
follows for“the 2D shallow water equations:

U  OF(U)  9G(U)

.= = H(U 9
ot ox oy (U) )
where U are the conserved variables:
T
U - (hu qa?u Qy) (10)

and F, G are the fluxes of these variables:
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F = (Qxa = + Egh ) _y) ) G = (qlh : ! + §gh’ ) (11)

h h h'h

being h the water depth and ¢, and g, the unit discharges in x and 4/"¢om-
ponents respectively. The vector of source terms in (9) includes the presence
of bed and friction slopes

H = (0, gh(Soz — Sta), gh(Soy — Sfy))T (12)
where the bed variations of the bottom level 2z in x and 1y directions are
&zb azb
Sop = ———, Sy, = ——— 13
0 ox oy Jy (13)

and the friction slope is expressed, as in theslD "model, in terms of the
Manning’s roughness coefficient n:

n*uv/u? + v2

s y n*vvu? + v2
fr — h4/3 ) — Ji/9

Sfy - h4/3 (14)

3. Numerical scheme

In this work, the focuSis put on upwind first order finite volume schemes
for both 1D and 2D models. “Adthough the common practice in CFD models
is to use high order. (at least second order) schemes, in flood propagation
modelling first otder scheémes are sufficient [33, 34]. The main reason is
that in the majority of'the flows concerning realistic applications, the source
terms dominateOver the convective terms. Therefore, the use of second order
schemes ds not always justified by the increase in computational costs as the
focus s pution’the correct balance of fluxes and source terms. Both 1D and
2D systems of conservation laws can can be written compactly:

guU
5;+€E_s (15)

where E=F and S = H' in the 1D model and E=(F,G) and S = H in the 2D
case. In order to derive the finite volume scheme, this equation is integrated
in a computational cell 2 :
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2/Udm/(?E)omz/SdQ;»Q/Udm]{ Endm:/SdQ
at Q Q Q at Q onN Q

(16)
where n denotes the outward normal vector to the cell. The Jacobian<d,, of
the normal flux E n can be diagonalized in terms of the diagonal matrix A,,,
formed by its eigenvalues and P, containing its eigenvectors:

J,=PA, P!, A, =P lJP (17)

Roe’s linearization [37] is used to decouple the original hyperboli¢ system (15)
and to define locally an approximate matrix J., at each interface k. Denoting
7 and j the neighbouring cells sharing this interfacesk, the differences in the
vector of conserved variables U across k can“be written in terms of the
linearized eigenvectors basis €™:

U, =U; = Up= ) (@ 8)) (18)

The vector of source terms is also projected onto the eigenvectors basis and
discretized following the upwind philosophy:

S =) (B (19)
The explicit first“order upwind numerical scheme for the 1D model can
be expressed as follows [31] 8]:

m m

+ (Z X‘ﬁé) (20)

i+1/2

At Z <
n4l _J n 1D +~~

i—1/2
where mr= 2, k = 2, i + 1/2 denotes the interface between cells 7 and i + 1

~5 m
(analogous with 7 —1/2 and cells i — 1 and @), ¥/} 5 = (& — ﬁN—x) and
i+1/2
< 1
=+ —
)\i+1 /2 5
Friedrich-Lewy condition:

A £\, jo- The time step size is restricted by the Courant-
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0
Atpp=CFL— " crL<1 (21)
maxmyi ‘)\m|z
where CFL is the Courant number.
The formulation of the 2D first order upwind explicit scheme is completely:

equivalent to the 1D model [32, 6, 7]:

NE
Ut = U - A;?D Z Z [(xwé)gﬁk]" (22)
Yok=1 m

This expression shows that the conserved variables from time n to time n+1
will be updated according to the contributions that{arrive from the neigh-
bouring walls to the cell ¢ with area S;. In the 2D model, m = 3, NFE is
the number of neighbouring cells (NE = 3 in4he case of triangular grids,
NE = 4 for squared grids) and [ is the length.of ‘each interface. The time
step is again limited by the CFL condition

Atyp = CFLEXE XD gy (23)
max | A™|
where y; represents a characteristiesdistance of cell ¢ and its k£ neighbouring
edges, necessary when dealing withsunstructured triangular grids:

S;

- 24
maxk:l,NElk ( )

Xi' =

It is worth remarking thiat both 1D and 2D numerical schemes have proved

to be conservative, well-balanced and positivity preserving when used sepa-
rately [8, 32}

4. 1D=2D ¢oupled model

The 1D'and 2D numerical schemes presented above are coupled by means
of the fully conservation property [31]. For that purpose, it is feasible to
define’a new element of discretization in which the 1D and the 2D cells can
interact: the coupling zone. It is constituted by one 1D cell and Ng 2D
adjacent computational cells hence a good meshing procedure is required to
ensure this fulfilment. Thereupon, two configurations appear naturally with
respect to the 1D model: frontal and lateral. In particular, Figure 1 displays

10
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1D >
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Figure 1: Lateral coupling zone in a river: 3D view, (left)sand plant view (right)

a lateral coupling zone in a complex river,withuneven bathymetry in a 3D
view (left) and its representation ingplant/(right).

The mentioned coupling zones are,constructed in the pre-process and
subsequently the set of initial ‘conditions for each model is applied. Once
the computation starts, and for eagh iteration, a suitable time step size is
essential to handle the interaction between the models. As seen before, each
model has its own timestep size'that comes from their corresponding stability
conditions. Thereforeyin otder to homogenize it, a global At is selected as
the minimum valde of thetwo models:

At == min(AtlD,AtQD) (25)

Oncefthe time step size is established, each model runs independently
according toy(20) and (22) respectively, that is, without interacting between
them. The new conserved variables provided by each numerical scheme, de-
noted from now on with a superscript star *, are used to link both models.
Depending on which strategy (only mass conservation or mass and momen-
tum conservation) is imposed, the models will exchange the required infor-
mation at each coupling zone and will update its own conserved variables
with the new states to move forward to the following time step. Figure 2
summarizes the flowchart followed in this work for the 1D-2D coupled model.

11
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Read geometry 1D Read geometry 2D

Build coupling zones

Read initial conditions 1D Read initial conditions 2D

while t < t;

I
Compute At=MIN(At,;, At )

e )
Y <
QO Z
2y /))@
AY 7
N .
& &
% 3
S %
< Q/))
Y ®
1D conserved variables (A,Q)* 2Diconserved variables (h,hu,hv)*

Coupling strategy (OMC or MMC)
at each coupling zone

Update 1D vatiables Update 2D variables

t=t+At

Figure 2: Flowchart of the 1D-2D coupled scheme

4.1. ‘Exchanging the information between the models: Coupling strategies

In the frontal configuration, the 1D and the 2D models will always ex-
change information provided they are wet. On the opposite, in the lateral
configuration, both models will obviously interact only when a flooding at
the coupling zone is registered, whether by the 1D model or by the 2D model.
Consequently, it is necessary to establish an ‘overflow level’ for each lateral
coupling zone, which will be split into two levels (left overflow and right over-
flow). In this work, a simple linear interpolation between the extreme left

12



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

201

292

297

298

300

301

302

and right points of the each 1D cross section is established as the left and
right overflow levels respectively. Four possibilities arise:

e No overflow. There is not interaction between the models (Figure/3;

(a)).

e Left overflow. The models exchange information between the 1D cell
and the 2D adjacent cells which are on the left side of the coupling zone
(Figure 3, (b)).

e Right overflow. The models exchange informatign between the 1D
cell and the 2D adjacent cells which are on the right side of the coupling
zone (Figure 3, (c)).

e Left and right overflow. The models exechangg information between
the 1D cell and all the 2D adjacent cells involved at the coupling zone
(Figure 3, (d)).

If an overflow occurs at the coupling zone, both models must interact and,
in this work, two approaches are propesedibased on a fully mass conservation
or mass and momentum conservation respectively. The Only Mass Conser-
vation (OMC) consists of imposing a joint water surface level at each the
coupling zone. In order to"be‘able to adapt the variables provided by each
model, the total water volume at the coupling zone is evaluated. However,
it is not only a questionrof accounting for the amount of water present at
the correspondingtime inside the coupling zone, but also the discharge inte-
grated in time thatierossed the boundary edges separating the two models.
Therefore, the total volume of the coupling zone, V7 holds:

N¢ Ne
Voz = Afp 0z + > by Si+Qp mip At+ Y (FL, -m; 1) At (26)

where/FY; = (¢, qy), l; the length of each boundary edge shared by the 1D
and 2D domains at the corresponding coupling zone and n; the outward
normal direction to the 2D cell (see Figure 1, right). It is worth clarifying
that nyp = 0 in the lateral coupling while n;p = +1 in the frontal coupling
configuration. The meaning of equation (26) condense indeed the strict mass
conservation property: the volume of water of the 1D model, A}, dx, of the

13
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2D

1D
b) Left overflow

1D

2D

1D

1D
(c) Right overflow (d) Left and right overflow

Figure 3: Possibilities for/the, interaction between the 1D and the 2D models in a lateral
configuration

N¢
2D model, Z I S, as well as the 1D-flow, Q}p nip At, and the 2D-flow,

N¢
Z(Fﬁ -n; If) At, that cross the edges between the two models.

2
The same water level surface, 277! is enforced at the coupling zone. Thus, it
1s.necessary to distribute appropriately the volume V7 in both 1D and 2D
models with the aid of level-volume tables, built in the pre-process for each
coupling zone, that are able to deal with complex topography.

Let consider a coupling zone as in Figure 4 (a), composed by one 1D
irregular cell, two coupled 2D cells called 1 and 2 on the left side and three

coupled 2D cells called 3, 4 and 5 respectively on the right side. Figure 4 (b)

14



si2 - shows a sliced sketch of the mentioned coupling zone, where the straight lines
sz represent the bottom or elevation of the corresponding 2D coupled cells.

S

Figure 4: Coupling zone (a) and sliced sketch(b)

314 First of all, it is necessary to construct a vector of N levels z,, , where N
a5 represents the sum of the 1D points defining.the irregular cross sections for
a6 the 1D model as well as the elevation ofsthe 2D coupled cells. Then, this
si7 - vector of levels is sorted from lower t¢ higher and a table with the information
ss included in (27)

Z g

a9 must be filled. As displayed in Figure 4, k indicates the vector index, z is
w0 the surface level, b iscthe.corrésponding width in the 1D model, S includes
s the accumulated 2D cell sizes, dBz is the corresponding side slopes and V'
s2 is the water volume, While the construction of z,,, by, Sy and dBz; is a
23 straightforward geometric procedure, the volume is achieved following the
34 TUle:

1
Vk+1 = sz + Ck(zsk+1 - Zsk) + §dBZk5$ (Z3k+1 - Zsk)2 (28>

s Ppeing dx7the 1D cell size and C' = bdx + S. During the computation, a
2s  water yolume Viz is achieved from (26) at the coupling zone, that will be
s associated to a correct level 271, In order to do this assignment, the second
28/ order (in z) equation (29) should be solved:

1
Voz =V + G20t — z,) + idejéx (20 = 2,) (29)

15
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where j is the index corresponding to V;, immediately below Vi in the table
(27). Finally, the unique solution for 2"*! satisfying

2, < 20T <z

(30)

is imposed as the desired water surface level. Finally, the models, supplied
with this common water level surface, update its own conserved variables as
follows:

j+1

Al =ATHN ) BT = s, (31)

The second strategy is called Mass and Momentum Conservation (MMC)
and can be considered as an extension of the OMC(strategy, in which not
only a common level surface at the coupling zoné“is imposed but also the
velocities in x and y direction. The 1D discharge, ()1p, has to be converted
into a vector with a flow angle

Qip ~ (Qu1p, Qyyp) =+Q1p 080, Q1psin ) (32)

which allow to bidimensionalize thé 1D\discharge into the 2D space. For
instance, in a channel completely oriented to the x-direction (assume the
flow goes from left to right) , @"="0"while in a channel oriented to the y-
direction (the flow goes from, upper to lower), § = —7n/2. In a complex
river, the thalweg or centerline of the river has to be computed in order to
sample the normal diréctionvalong this thalweg. Therefore, different ¢'s will
be computed for different coupling zones (depending of the river orientation
in the 2D space).

Consequently, the idea of a strict conservation (previously explained for the
water volume)can be applied to the momentum in the z direction:

N¢ Ne

M, = Quip 62+ (q2); Si+Elnip At+ Y (Fy m; 1) At (33)

andsin the y-direction:
Nc N¢
M, =Qyip 0z + > (q); Si+Ep nip At+ Y (Fh -n; 1) At (34)
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where

n n QZ’ 2 Q 2 "
Efp = (EmEy)lp = (% + g, % + g9l
1D
2 n 2 n
n 9y 1 2 qﬂcqy n quy qy 1 2
Foo— (224 —gp? 2% Foo— (&% Zv g
21 (h + 29 ) h )Z 3¢ ( h ’ h + 29 . (35)

It is important to notice again that n;p = 0 in the pure lateral coupling and
nip = £1 in the frontal configuration. As the water volume V{7 has been
previously computed, average velocities w and 7 in x and y direction can be
deduced from:

Vez =M, Vez v =M, (36)

With this information, the conserved variabléstare updated:

(@)™ =hi"u (g)PR = h" T (37)
QA = AT \(tcos® + v sin 0) (38)

The imposition of only mass censervation (OMC) and mass and momen-
tum conservation (MMC) is'met a simple task and, in particular, boundary
conditions play an important role. As an illustration, the 2D domain always
ends up at each coupling zonejin a lateral coupling configuration. In fact, the
imposition of the OMGior MMC strategy is certainly related to the number
of boundary conditions needed for each model when facing up to subcritical
or supercritical flow [31]. Therefore, the Froude number is computed locally
at each coupling zone and for each model:

N¢

Q 1
Frop = e Z Fr; (39)

A
NIB/
If.the flow is supercritical, i.e., Frip > 1.0 or Fryp > 1.0, MMC is enforced.
Otherwise, the OMC technique is used. Therefore, the MMC' strategy is
designed so that it reduces automatically to the OMC when less boundary
conditions have to be imposed at the coupling zone. Indeed, the MMC' strat-

egy seems a priori to be more sophisticated than OMC due to the fact that it

F'rlD:
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is being exchanging information not only related to the mass in both 1D and
2D models but also related to the momentum. However, when dealing with
subcritical flow at the coupling zone, only one variable (the common water
level surface, OMC strategy) has to be imposed. Otherwise, if enforcing the
MMC' technique, more information than necessary is provided so that. the
system is “overdetermined” in a certain way and may produce nonsphysical
results [31]. In conclusion, the corresponding strategy (OMC orfMMC) is
dynamically and locally chosen according to the discrete flow regime at each
coupling zone.

5. Laboratory test case: Levee breaking in a channel with a flood
plain

A test case measured in a laboratory is presented, for the validation of
the numerical strategies proposed in the above sections. It consists of a levee
breaking test in which the inundation area is“imitially dry. This experiment
was performed in the Parma University laboratory [3]. The experimental
facility consisted of a laboratory flume (10 m"long and 0.30 m wide) with a
lateral opening of width b = 0.28 m\in one of the side walls. A lateral plane
was attached to the flume in ordemto represent a inundation area. The entire
set-up (flume and lateral plane) was placed at slopes equal to 0.1% in the x
direction and 0.0% in the ¥ direction respectively.

The Manning’s coefficient n/= 0.0105 m/s*/? suggested by [3] in the ex-
periments was used for the bottom and the side walls. In particular, all the
models were run using the same roughness coefficient which was not cali-
brated in this cased, The initial condition is steady flow of 0.01 m3/s all
over the chamnel and’the boundary conditions consist of a constant inflow
discharge of 0.04. m3/s at the inlet and critical flow at the outlet boundary.
Water depths along the y direction were measured inside the flume just up-
stream the breach section by ultrasonic distance meters. The position of the
probes as well as the topography of the test case are illustrated in Figure 5.

In this work, numerical results obtained with two different strategies of
coupling (frontal and lateral) are presented together with the numerical re-
sults obtained with a 2D model. The fully 2D mesh used for the computation
is structured with 17390, 0.02 x 0.02 m squared elements. The lateral config-
uration is composed by the channel, represented by 200 cross sections spaced
each 0.05 m and the flood plain, described by 9890 squared elements (0.02 x
0.02 m). In addition, a ‘double’ frontal coupling configuration is proposed:
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Figure 5: Laboratory test case. Full set-up (upper),and detail of the squared mesh and
the location of the probes (lower)

the channel is characterized by the 1D"model for the first 5.28 m and for the
last 3.94 m and the rest of the domain.is modelled by a structured 2D grid of
0.02 x 0.02 m size (10475 squared eells). Figure 6 shows the 1D-2D lateral
and frontal configurations respectively.

The evolution in time in‘terms of water depth series is registered at each
probe. The experimental observations are contrasted against the numeri-
cal results achieyéd by the fully 2D model, the 1D-2D lateral and frontal
configuration jneFigure 7.

The lateral,coupling approach is not able to reproduce the experimental
elevations far from the gate opening, since in the position of the water gages
the flume 1§ modelled by 1D sections in which the water depth is assumed to
be constant,. ‘Concerning the frontal configuration, the results are very similar
to'those obtained by the fully 2D model. As the only provided measurements
are placed inside the main channel, the behaviour of the schemes inside the
floedplain can not be compared against experimental data. However, it is
feasible to compare the numerical results achieved by the 1D-2D coupled (in
both frontal and lateral configurations) against the same numerical results
obtained by the complete 2D model. With this purpose, the evolution of time
of water depth at points P1P = (5.01,1.59), P2P = (6.75,1.59), P3P =
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Figure 6: Laboratory test case:

Water depth (m)
o
°
3

Water depth (m)
o
°
s

0.12

0.1

Water depth (m)
o
o
3

Figure 7: Laboratory test case:

P11D2D Frontal
P11D2D Lateral

P1 Experimental
P12D —

SR
0 10 20 30 40 50 60
Time (s)
P4 Experimental
P42D —
P4 1D2D Frontal Bl
P4 1D2D Lateral =
o AL
0 10 20 30 40 50 60

Time (s)

P7.1D2D Frontal
P71D2D Lateral

P7 Experimental
P72D

20 30 40
Time (s)

50 60

1D-2D lateral (upper) and frontal (lower) configurations

0.12
P2 Experimenital =
P22D -
0.1 P2 1D2D Frontal o
P2 1D2D Lateral -+
E o0
£
2 E
g 006
k) e P YT el
£ - ™ 7.
S o004 SxEal, v
0.02 ’
0
0 10 20 30 40 50 60
Time (s)
0.12 -
P5 Experimental
P52D
0.1 P5 1D2D Frontal 7]
_ P5 1D2D Lateral =
£ o008
=
a
g 006
3 ae®
= SoG0aks o —
2 00 L
0.02
0
0 10 20 30 40 50 60
Time (s)
0.12
P8 Experimental =
P§2D -
0.1 P8 1D2D Frontal 1
= P8 1D2D Lateral =
E o008
£
5
g ook
) o
k<] - et
E R P e Ty T sy
0.02
0
[ 10 20 30 40 50 60

Comparison of numerical results

Time (s)

surements at probes P1 (upper left) to P9 (lower right)

20

Water depth (m)

Water depth (m)
o
°
3

0.12

0.1

0.08

Water depth (m)

P3 Experimental =
P32D

P3 1D2D Frontal Bl
P31D2D Lateral 4

Time (s)

P6 Experimental
P62D

P6 1D2D Frontal Bl
P6 1D2D Lateral =

gt
Roooosmnt

Aassad

DVVVSUIIII YUY SUUPVV v e

Time (s)

P9 Experimental =
P92D

P9 1D2D Frontal 1
P9 1D2D Lateral 4

o
Asbasasaans sasasasssad

0 10 20 30 40 50 60

Time (s)

and experimental mea-



424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

(6.75,0.85) and P4P = (5.01,0.85) (all of them inside the floodplain area) is
plotted in Figure 8. Moreover a snapshot of the system for the three schemes
at time ¢t = 11.2s is shown in Figure 9.
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Figure 8: Laboratory testycase: \Comparison of numerical results and experimental mea-
surements at probes P1P (upper left) to P4P (lower right)

Although<the results are slightly underestimated by the 1D-2D coupled
model, theé overall behaviour is captured and the numerical solutions are
compartableto that obtained by the 2D model. Regarding the snapshot, the
frontal configuration seems to provide better results with respect to the 2D
approach since the channel profile is well approximated. However, if focusing
in the floodplain results, even the lateral configuration provides accurate and
aceeptable results. Therefore, it can be concluded that frontal configuration
should be used if the interest is put on the variation across the main channel
(in a junction, for example). Otherwise, the overall behaviour far from the
detail of the main river or channel is captured by both 1D-2D models.

The computational time consumed by each model is described in Table
1. Although they are in the order of seconds and the CPU time is very
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Figure 9: Jlaboratory test case: Snapshot at time ¢ = 11.2s for the 1D-2D lateral, 1D-2D
frontal and 2D medels (from upper to lower respectively)
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Numerical model | CPU time (s) | Speed-up

1D-2D frontal 52.06 s | 2.029
1D-2D lateral 51.80 s | 2.039
2D 105.61s | -

Table 1: Laboratory test case: CPU time and speed up for,each model

influenced by the preprocessing and the writing data process, both 1D-2D
coupled configurations are able to halve the computational time with respect
to the fully 2D model.

6. Application to the Tiber river flood. simulation

6.1. Topography definition

Developments in GIS software and,in eomputer processing allow the use
of high-resolution DEMs in hydraulic simulations. Hydraulic variables like
flow depth and velocity components_can be highly variable over small spatial
scales and, as such, are extremely sensitive to terrain parametrisation in
topography-based simulation models. Small errors in specifying bed elevation
may have a large impact/on the prediction of the flooding area.

The data available ‘for/this study were a digitized cartography (scale
1:10000) covering the bottom of the valley together with aerial photographs.
Moreover a 2.m x 2 m resolution digital elevation model (DEM) was also
available together with 600 cross sections coming from land surveys. The
topographyised by the authors was obtained integrating the DEM with the
land Surveyed cross sections (10 for the considered reach displaced in or-
ange'in Figure 10) in order to describe correctly the floodplain and the main
channel.

The geometric description of the river channel and surrounding topog-
raphy was essential for creating a computational mesh consistent with the
surface of the study area. It can significantly affect the numerical results. In
this case, first, the banklines were delineated to separate the river from the
flooding area. Then, the 2D domain was built in order to guarantee the best
match between land surveyed cross section in the river and DEM extracted
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Figure 10: Aerial photograph of Ponzano area with original”and interpolated 1D cross
sections

cross sections. As an example, Figure 11'shows a particular 1D cross section
coming from the land survey and the,corresponding one extracted by the
modified DEM. Since the compatisen is reasonable, the modified DEM was
used in this work.

6.2. Tiber river flood

Tiber river is oneof the most important Italian rivers: the catchment area
at Rome is about«17000%m?2. It is 406 km long, flowing from the Apennine
Mountains to the Tyrrhenian Sea. Its mean discharge is 267 m?/s while the
discharge forfa veturn period of 200 years is 3200 m3/s. For this study, a
6 X 2 km reaeh is considered, which will be referred to in what follows
as the Ponzano'reach. The flood here simulated occurred between the 27th
of November'and the 1st of December 2005. Its estimated return period is
50%years. /The maximum discharge in the Ponzano reach was about 1440
m3/s and the surrounding area was almost completely flooded. As a result,
several measurements were registered at different sections. Figure 12 shows
the inflow hydrograph (left) imposed as upstream boundary condition. The
recorded evolution in time of the water level surface as well as the discharge
at the outlet section were used to build the downstream boundary condition
in the form of a gauging curve (see Figure 12, right).
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The time evolution of the water surface elevation was measured in two
sections in the Ponzano reach (S1 and S2), located‘inside the main channel.
Besides the observed data, five probes were seleéted in order to compare all
the proposed numerical models. The location of seetions and probes as well

as the topography of the Ponzano reach aré'shown in Figure 13 (left).

In order to define homogeneous roughness_areas, according to [2], two
zones were defined: one for the main riverith n = 0.035 m/s'/? and the
other one for the floodplain area with,n = 0.0446 m/s'/3 (Figure 13, right).
No further calibration of the Manning coefficient value was performed as the
focus of the present work is put on.the relative performance of the models.

For the simulation of this‘event, two numerical models are used: a fully
2D numerical model and the suggested coupled 1D-2D model with a frontal
and a lateral configuration. Afully two dimensional non structured domain
made of 15985 elementsiwas first developed. As this domain describes poorly
the main channel (even with only 2 elements), a refined mesh only in the main
channel is used as reference, made of 26895 elements. The 2D coarse mesh

was then used 0 get the coupled lateral and frontal domains.

7. Discussion of the results

7.1. Loeal measurements and flooded area

The recorded water elevations in sections S1 and S2 are compared, in
Eigure 14, with the numerical results on the fully coarse and refined 2D

domain, and using the frontal and lateral coupling.

The numerical models can be also compared by using the information of
the evolution in time of the water surface elevation registered on the probes

P1-P5 (see Figure 15).
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The 1D-2D frontal model and the 2D coarse simulation generate almost
the same results due to the fact that the 1D domain inside the frontal cou-
pled configurations only covers a very small surface. Although the maximum
peaks in water surface elevations are fairly captured, the peak times are not
well reproduced by these models. In fact, the flooding wave comes earlier
than the 2D fine and the 1D-2D coupled lateral configuration. This behaviour
is also observed at probes P1-P5 if compared to the 2D fine model. "Addi-
tionally, the water surface elevations are always overestimateds«Thisufact is
possibly due to the bad representation of the river bathymetty,sinee-a small
number of elements discretize the main channel in both the 1D=2D frontal
and the 2D coarse models.

The numerical results achieved by the fully 2D fine.mesh are more ac-
curate, although the water peaks in section 2 are not well reproduced. All
models are unable to simulate well the observed,data) for section 2 so that
it could be an effect of the downstream boundary“eondition, the Manning
roughness coefficient (assumed constant along the main river) or even the
bad representation of the bathymetry near this.zone.

The 1D-2D coupled lateral model achiéves reasonable results, compared
to those obtained by the fully 2D fine mesh. It is worth emphasizing that
the lateral coupling represents themmain channel with 1D cross sections hence
providing more reliable results than the 2D model if not appropriately dis-
cretized. In terms of timing beth the 1D-2D lateral model and the 2D fine
mesh model predict similar, regults at sections S1 and at all the observa-
tions points P1-P5. However, the water depth is sometimes underestimated
(mainly probes P3 and P4).

This analysis.is based on local measurements (sections and probes) along
the domain. However, the differences can be estimated in terms of inundation
maps genetated by each numerical model. As an example, three snapshots
during the,flood at times t=33h, t=80h and t=113h (final state) are plotted
at Figures 16717 and 18.

As can be observed, the flooding extension is almost well captured by
all the schemes presented. In particular, the 1D-2D lateral configuration is
able to reproduce appropriately the flooded area achieved by the reference
solution, being partially overestimated with the fully 2D coarse mesh. In
order to corroborate this hypothesis, the evolution in time of the flooded
area (in km?) computed by each model is plotted in Figure 19. Although the
lateral coupling underestimates the flooding area during the peak discharge,
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ss5 it is able to reproduce be behaviour achieved by the reference solution
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sar 7.2. Computational tim

548 Attendin the ‘eross comparisons displayed above, the use of a cou-
se0  pled 1D-2D. numierical model has proved to be accurate with respect to the
ss0 2D num el, used as reference in absence of experimental data. Al-
ss1 thou gle cell areas far from the main river are the same and the
» uncertainties related to the discretization in the floodplains are removed, the
553 equires a fine representation of the channel bathymetry to ensure
554 rrect results. Considering that the time step is governed ultimately by the

cell"sizes of the domain, the use of a 1D-2D coupled model should reduce
s/ considerably the computational time. In fact, not only the time step size is
ss7  enlarged when using a 1D-2D lateral coupled model, but also the cells dis-
s cretizing the main river domain are eliminated of the computation, achieving
ss9 & double gain.
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(lower right)

Table 2 shows the CPU time consumed by each model and the gain in
terms of speed-up’s of the 1D-2D coupled model with respect to the 2D
refined model.

Numerical model | CPU time (s) | Speed-up

1D-2D frontal 200089 s | 10.97
1D-2D lateral 1441.75 s | 15.22
2D fine 2195255 s | -

Table 2: Tiber river test case: CPU time and speed up for each model

A significant reduction in the computational time is observed when us-
ing a 1D-2D coupled model. In particular, the lateral configuration, which
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achieved better results islable to carry out the simulation 15 times faster
than the fully 2D modeél. Aysimilar gain could be obtained by parallelizing
the 2D code on distributed) memory architectures using MPI, on the most
common shared memory processors by means of OpenMP [24] or even using
the more recentsparadigms such as GPU computing [25]. However, the pro-
posed 1D-2D)"model can also be parallelized adopting the same techniques,
and the speed-up’s should scale accordingly in the 1D-2D model. It is worth
noting-thatiall the simulations were carried out in a Intel Core 2 Duo Quad
Core{ Q9550 2.83 GHz.

8. Conclusions

A 1D-2D coupled model has been presented for predicting flood inunda-
tion in river basins. Both 1D and 2D models are implemented in a finite
volume framework, using an explicit first order upwind numerical scheme
based on Roe’s linearization. The coupling zone has been generalised to
complex problems that may be encountered in realistic applications. This
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Figure 19: Ponzano reach. Time evolution of thée flooded area computed by each model

requirement implies a suitable meshing procedure, able to achieve a perfect
match between the 1D and the 2D domains that are geometrically coupled.

The models are dynamicallylinked using exclusively information from
the computational cells, without any extra condition. In order to couple
the models, two strategies,are extended this work, based on conserving mass
(OMC) or mass and momentwm (MMC) respectively. The computation of
the fully mass and moméntum conservation is carefully carried out by means
of the informatienythat is exchanged through the computational edges or
interfaces that-separates both models. Therefore, the choice of the local ad-
equate strategy will be closely related to the number of boundary conditions
to be imposed and the flow regime that takes place at each coupling zone.

In irregular/geometries, it is necessary to define exactly the location and
the moment of overflow occurrence that triggers the connection between the
modelsu.Consequently, left and right overflow levels have to be constructed
for each coupling zone. On the other hand, the correct distribution of the
water volumes between the models is performed by means of hydraulic tables
that accounts for the variability not only in the bathymethy of the 1D cross
sections but also in the elevations of the 2D cells. This fact will ensure a
perfect well-balancing for the 1D-2D coupled model.

The model has been tested for a levee breaking laboratory experiment and
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then applied to the Tiber river near the urban area of Rome (Italy). Different
meshes have been used for the discretization of the domain: structured and
unstructured ones. Numerical results have been compared with a fully 2D
model as well as with experimental and field measurements when possible.

In the laboratory test case, when representing the domain with a 1D
model (inside a 1D-2D lateral configuration), the two dimensional featnres
within the channel are not well captured. However, when regarding, the
propagation into the lateral floodplain, the numerical results aresatisfactorily
captured. Besides, the 2D model represents correctly such featuressAlso the
1D-2D frontal coupling gives very similar results in comparisonjyto the 2D
simulation.

The simulation of a flooding event in a river reach ofthe Tiber river has
been next performed. Field measurements were available at different loca-
tions and the results achieved by the coupled model (frontal and lateral) are
compared to those obtained by a fully 2D model (eoarse and fine meshes).
Also the flooding extension is evaluated using inundation maps. The frontal
1D-2D model achieves similar results te,the fully 2D model. However, the
restriction of using a time step governed\by the 2D cells inside the river to-
gether with the difficulty of choosingywhere the 1D model ends up, makes
this option not as attractive as‘the,1D-2D coupled model with lateral con-
figuration.

In conclusion, the frontal coupling offers the possibility to model in 2D
a river reach or a chanmel.\This is useful if detailed information across the
channel /river sectiondis réquired (i.e., when modelling a junction) and a very
fine mesh is used dnsidesthe channel/river. In the case of real world appli-
cations, the 1D-2D lateral configuration becomes a good option. First, the
correct floodifig propagation in the river bed is ensured by means of 1D cross
sections that prevent the use of a 2D fine discretization. On the other hand,
the flow developed inside the adjacent floodplain areas is well captured in the
2D domain ot of the river channel. Furthermore, a reduction in the com-
putational/time with respect to the fully 2D model is confirmed, achieving
speed-ups of around 15x.
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