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A model for overland flow and associated processes
within the Hydroinformatics Modelling System
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ABSTRACT

This paper presents a numerical model suitable for a broad range of surface flow problems such as :’1’_‘2 5:“°"S (corresponding author)
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variation diminishing method is used to avoid spurious oscillations in the solution. For extending the 13355 Berlin,
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method. Numerical fluxes are computed with a Harten, Lax and van Leer approximate Riemann

the Green-Ampt model. The model is implemented in the Hydroinformatics Modelling System, an
object-oriented framework that enables the implementation and simulation of single and multiple
processes in different spatial and temporal resolutions, as well as their interactions. The capabilities
of the model are shown by comparison with analytical solutions and experimental data of a flash
flood and a surface runoff experiment. Finally, a real rainfall-runoff event in a small alpine catchment
is investigated. Overall, good agreement of numerical and analytical results, as well as
measurements, has been obtained.
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flow, rainfall-runoff simulation, two-dimensional shallow water equations

NOMENCLATURE

A area of the considered cell (m?) I  length of face k (m)

C  Chézy coefficient (sm~1/°) m. contaminant source/sink term (s~!)
¢ concentration (—) my, water source/sink term (ms-!)

D  diffusion coefficient (m?s~!) n, normal vector pointing outwards of face k
d  water depth (m) n  Manning coefficient (sm~1/3)

e vegetation drag related coefficient n  time step index

n  water elevation above datum: n = zg + d (m) V  del operator: V = (0%, %)T

f  flux vector vi  turbulent kinematic viscosity (m?s!)
g standard gravity (9.81ms—?) ¥ runoff coefficient (-)

I'  boundary of control volume (m) Q discharge (m3s!)

I  cumulative infiltration (m) q vector of conserved flow variables

i infiltration rate (ms™!) r  rainfall intensity (ms™')

K average residence time (s) p  density of water (kgm™3)

k  index of a face of the considered cell S  storage (m®)
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§  source vector
time (s)
At time step (s)
u  velocity component in x-direction (ms~?)
v velocity component in y-direction (ms~!)
v  velocity vector
V. specific soil water volume (m)
x X coordinate (m)
y Y coordinate (m)
zg bottom elevation above datum (m)
Q control volume (m?)

INTRODUCTION

For studying the development of flood events, of soil erosion
and pollutant transport in natural or urban catchment areas,
a detailed simulation of the spatially and temporally varying
flow field is necessary.

Lumped models provide integral results and do not
allow a high-resolution description of the flow processes
(e.g. Taskinen & Bruen 2007). Models based on simplifica-
tions of the one- or two-dimensional shallow water
equations (SWEs), the so-called kinematic and diffusive
wave approximations, can be good approximations in
specific situations and they are used frequently for runoff
simulations (e.g. Gottardi & Venutelli 1993; He et al. 2008;
Kolditz et al. 2008; Sochala et al. 2009; Weill et al. 2009;
Tseng 2010; Miigler et al. 201r). However, these models are
not able to handle varying flow conditions accurately,
which may appear at sudden changes in the topography or
at hydraulic jumps (Yeh et al. 2011; Costabile et al. 2012b).
These approximations will provide poor results in cases
that belong to the hydraulic flow simulation, like dam
break or flood wave simulation. The fully dynamic SWEs
have already been used for overland flow simulations
(Zhang & Cundy 1989; Esteves et al. 2000; Fiedler &
Ramirez 2000). The presented models were based on the
finite-difference method and showed promising results. In
the context of classical shallow water flow simulation,
models based on fully dynamic SWEs have significantly
developed in the last decade, and, in particular, schemes
based on the finite-volume method and approximate
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Riemann solvers have gained attention because they are
able to handle discontinuities in the flow field (e.g. Bradford
& Sanders 2002; Liang et al. 2004; Yoon & Kang 2004;
Creaco et al. 2010). In recent publications, very robust
schemes that provide accurate results for cases with varying
topography and wetting and drying have been presented
based on these models (e.g. Liang & Marche 2009; Song
et al. 2011; Hou et al. 2013).

The improvements of the exploration of high-resolution
topography data also allow using these sophisticated SWE
models for simulating overland flow. Instead of using two
different model concepts for the part of runoff generation
in the catchment and shallow flow in the river or flood
plain, both processes can be simulated together in one
model. However, when simulating overland flow,
additional problems occur due to the very small water
depth. The variation of the bottom topography is of the
same order of magnitude as the water depth, so the
source/sink terms have significant influence, and the bed
shear stress is very large in comparison to other forces,
which can cause instabilities (Zhang & Cundy 1989).
Recently, Simpson & Castelltort (2006), Caviedes-Voul-
lieme et al. (2012) and Costabile ef al. (2012a) presented
models suitable for overland flow, based on a first-order
approximate Riemann solution.

In this work, we present a model that allows second-
order solution of problems such as overland flow, supercriti-
cal flow, subcritical flow, transcritical flow, shock-type flow
discontinuities and wet-dry interfaces. The model incorpor-
ates the solution of two-dimensional fully dynamic SWEs
within the framework of the cell-centred finite-volume
method. Numerical fluxes are computed with the Harten,
Lax and van Leer approximate Riemann solver with the
contact wave restored (HLLC). The scheme is second-
order accurate in space, and spurious oscillations in the sol-
ution are avoided by a sophisticated total variation
diminishing (TVD) method (Hou et al. 2012). Due to the
hydrostatic reconstruction, the scheme provides accurate
and well-balanced results on complex topography, even at
wet-dry interfaces (Hou et al. 2013).

Simulating hydrological processes requires the con-
sideration of more processes than just surface runoff. To
obtain the effective rainfall, a runoff generation model is
necessary, which at least considers infiltration into the
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soil. A broad range of models varying in complexity are
used in the literature, ranging from empirical models like
the Green-Ampt model (Tayfur ef al. 1993; Esteves et al.
2000; Fiedler & Ramirez 2000) to those based on the
two- or even three-dimensional Richards equation (Singh
& Murty Bhallamudi 1998; Sochala et al. 2009; Weill
et al. 2009). For the sake of simplicity, in this paper, infiltra-
tion is considered by a constant runoff coefficient and by
the Green-Ampt model.

In software development, object-oriented design is a
widely used technique. The key concepts of encapsulation,
inheritance and abstraction allow the development of reusa-
ble, easily maintainable and extendible code. Several
authors have already shown the advantages of an object-
oriented design in the framework of environmental model-
ling (Wang et al. 2005; Elshorbagy & Ormsbee 2006;
Kutija & Murray 2007; Kolditz et al. 2008). In hydrology,
the interaction of different processes is of importance and
has to be taken into account. In addition, different physical
and numerical model concepts for each process exist. The
development of holistic models, which incorporates several
of these processes, can be significantly improved by a flex-
ible and extendible modelling framework, which allows
fast prototyping and testing of different physical and
numerical methods and algorithms. The Hydroinformatics
Modelling System (HMS) is a Java-based object-oriented
software framework that has been developed at the Chair
of Water Resources Management and Modeling of Hydro-
systems, Technische Universitdt Berlin (Busse et al. 2012;
Simons et al. 2012). HMS follows the idea of a component-
based system that allows the integrative coupling of different
processes. The generalised design enables the implemen-
tation and simulation of single and multiple processes in
different spatial and temporal resolutions, as well as the
interactions with geospatial information databases. The
system combines the advantages of approved numerical
methods and the flexibility of contemporary software
design.

This paper is structured as follows: first the model con-
cepts are presented; then, the numerical methods and the
implementation procedure in HMS are described; four
examples show the capabilities of the model in simulating
complex shallow water and overland flow; and finally, con-
clusions are given.
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GOVERNING EQUATIONS

The physics of most of the relevant processes are expressed by
the so-called transport equations that describe the transport
of a characteristic variable, e.g. mass, momentum or heat.
Although the equations are used for quite different processes,
the solution methods are similar. In our work, we took advan-
tage of this fact and developed a software framework that
provides general methods to solve problems based on trans-
port equations. The goal is to obtain a flexible framework
that provides the possibility to easily implement new processes
and to test different numerical methods. The general form of
the two-dimensional conservation law can be expressed as:

oq B
E‘FV‘f—S (1)

In the following sections, various processes can be
regarded in the general form by defining a specific set of
the vectors q, f and s.

Shallow water flow

Using the general conservation law (Equation (1)), the two-
dimensional SWEs are written with the vectors:

_ vd
d 1,
q=|ud|, f vud+§gdx—vtV(ud) ,
L vd vod + %gdzjz — WV (vd)
- - )
TBx 0zg
s= | “o
_ Ty 0%
L »p dy

where & and y are the unit vectors of the cartesian coordi-
nate system given as ¥ = (1, 0) and y = (0, 1).
The bed friction term can be written as:

T
ff=f%Mv (3)

where C can be either a constant value as in the original
Chézy law or it can be a function to express, for example,
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the Manning law: C = d'%n~!. The turbulent viscosity v can
be either a constant or computed by a turbulence model. In
the examples shown in this work, the influence of the turbu-
lence is neglected.

Runoff generation/infiltration model

For the simulation of overland flow on permeable surfaces,
the effective rainfall must be known. It is determined by a
runoff generation model including infiltration and other pro-
cesses, e.g. evapotranspiration for long-term simulations. In
HMS, two approaches are available to consider the infiltra-
tion. The first one is the implementation of simple
infiltration models such as the Green-Ampt model (Green
& Ampt 1911). The second one is to couple the software
with an existing three-dimensional soil model solving the
Richards or two-phase flow equations (Notay ef al. 2012).
Using the first approach, the conservation of the specific
soil water volume can be expressed as:

q= [Vw]a f= [0]’ §= [l] (4)

where the infiltration rate i will be computed by the Green-
Ampt model.

Shallow water transport

The transport of a component in shallow water flows can be
expressed as:

q=[cd], f=[ved — DV (cd)], s=[m] 5)

As in Equation (2), m is a source/sink term that could
be, for example, a reaction process. When simulating
multiple-component transport, conservation laws for each
component must be formulated.

NUMERICAL METHODS

In this section, the most important details on the numerical
methods used in the presented model are described. For
further insights, we will refer to other literature.
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Time updating

In HMS, the general form of the conservation law (Equation
(1)) is discretised with the cell-centred finite-volume method.
To update the conserved variables q in Equation (1) to
the new time level, the explicit forward Euler method is
chosen:

@ = Sl ©
k

The time step is determined by the Courant-Friedrichs—
Lewy (CFL) criterion to achieve stable results.

Shallow water flow
Interface flux calculation

To calculate the numerical fluxes of mass and momentum
(Equation (2)) at the considered face, the HLLC (Toro
et al. 1994) is used, and the flux f; - n; in Equation (6) can
be expressed as:

fZ g :f:(d};’ VII;, d’f:, Vlljr nk) (7)

where L and R denote the left and right Riemann states,
respectively. In this work, the left cell is always the one
under consideration. For the first-order scheme, the Rie-
mann states are equal to the values at the centre of the left
or right cell and in the second-order scheme, the TVD
method is used to extrapolate the cell values to the con-
sidered face, as shown in Hou ef al. (2012). The minmod
limiter was used in all presented test cases.

Hydrostatic reconstruction

The hydrostatic reconstruction is an efficient and robust
approach to preserve non-negative water depths and a
well-balanced state in a flow field on varying bottom topo-
graphy including wet-dry interfaces (Audusse et al. 2004;
Audusse & Bristeau 2005). The water depth and bottom
elevation are modified prior to the Riemann solution
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(Hou et al. 2013). The bed elevation at the interface & is com-
puted as:

Zpr, = max (25, 25) (8)

Then, the lower value between the bed elevation at &
and the water elevation on the left-hand side is chosen as
the new bed elevation at face k:

Zpr, < min(gpg, 75 )

Finally, the water depths are reconstructed by:

dR = max (0, nf — zpr) — max(0, 2§ —zpx), di = nf — 2zpk
(10)

In overland flow applications, the water depth can be
smaller than the variation of the bottom topography, e.g. on
inclined terrain (Figure 1(a)). A first-order hydrostatic recon-
struction scheme will reduce this problem to piecewise flux
computations between wet and artificial dry cells (Figure 1
(b)) and, as a consequence, a wrong flow field and hydrograph
will be computed (Berthon & Foucher 2012). This failure can
be corrected by a second-order scheme. The sketched flow
situation will be discretised as a continuous flow problem
(Figure 1(c)), and so it is possible to compute flow of thin
water on course grids with steep bottom gradients.

Slope source term treatment

To simplify the solution on arbitrary meshes, the bottom

slope source term of a cell (Equation (2)) is transformed

into fluxes through its faces (Hou et al. 2013). The volume
integral of the bottom slope source term s, can be expressed
as the sum of the bottom slope fluxes:

sdgzjﬁf ndr =S £, mul 11
L b  Fo ; b - Milk (11)

where the bottom slope flux fy; is equal to:

0

1 . L
fiop -0y — —Myp ég(dk +dv) (28x — 25L) (12)

1
e g+ du) (e~ 2)

Friction source term treatment

As a consequence of the very small water depths, the bottom
friction has a notable influence in overland flow appli-
cations. To avoid numerical instabilities, a fully implicit
discretisation is used for the friction source term. This is
achieved by using a splitting point-implicit method
described in Bussing & Murman (1988), Yoon & Kang
(2004) and Liang & Marche (2009). Writing the equations
of momentum (Equations (1) and (2)) in the point-implicit
method gives:

qn+1 _ qn 1 . 1

Figure 1 | Influence of hydrostatic reconstruction on the first-order scheme and result of the second-order reconstruction of the face values for water depths smaller than the variation of
the bottom topography. (a) Piecewise constant discretisation; (b) Hydrostatic reconstruction with first-order scheme; (c) Hydrostatic reconstruction with second-order scheme.
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where q= (ud,vd)’ in this section. s!*!

can be
expressed using a Taylor series expansion around the nth

time level:

n+1 n Isr\” 2
spth =sf + 7q Aq + O(Aq?) (14)

where Aq = q"*! — q*. Following the procedure given by
Bussing & Murman (1988), substituting Equation (14) into
Equation (13) yields:

qn+17qn 1 7 Osy ! n+1 n
T:—sz:fZ'nklk+Sf+ a_q (q+ _q)

(15)
which can be rewritten as:
qn+1 _ qn 1 "

where the matrix PI is equal to:
an "
—I1- (=t 1
PI=1 ( 8q) (17)

Herein, I is the identity matrix and (9s;/0q)" = J; is the
Jacobian matrix of the friction source term. During the simu-
lation, the friction and source terms are computed on the
old time level, and are then divided by PI to get the final
solution:

1 At
qn+1 =q" +ﬁ (Azk: fZ gl + Ats?) (18)

Runoff generation model

The soil water volume conservation Equation (4) is also
solved using the finite-volume method (Equation (6)). As
the flux term is equal to zero, it is just necessary to solve
the source term that contains the infiltration rate:

In+1 I

L= Al
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where the cumulative infiltration of the new time step, I"+1,
is computed by solving the Green-Ampt equation iteratively
(Fiedler & Ramirez 2000). Before updating the soil water
volume, it is limited to the maximum water volume that is
available for infiltration. In addition, a residual rate is com-
puted as an input for the shallow water flow model
(Equation (2)) as:

n+1 n
:M_r

A (20)

where m < 0 if the rainfall intensity exceeds the infiltration
rate and water is ponding at the surface, and m > 0 if the
infiltration rate is higher than the rainfall intensity. The
model describes so-called infiltration excess or Hortonion
runoff (Weill et al. 2009).

Shallow water transport

The solution of the transport Equation (5) can be incorpor-
ated in the Riemann solver used for solving the SWEs. As
transport will not be considered in this paper, no details
are given on this here, and the reader is referred to, for
example, Heng et al. (2009) and Murillo et al. (2009).

IMPLEMENTATION IN HMS

Layer concept

In HMS, information is represented in Layers. A Layer can
be a numerical model simulating a certain process, it can
be a database storing geospatial data or even some external
data sources. Independently, each Layer contains geometri-
cal information and data that can be accessed from
outside. Via generalised interfaces and data mapping, it is
possible to exchange information and to couple Layers
with each other. Although the Layer concept favours one
Layer for each process, e.g. surface flow, tracer transport
or runoff generation, it is not mandatory. Following the
idea of one Layer for each process allows a strict splitting
of the implementation, which is used to compute the process
and the data computed for each process. In addition, it
allows the processes to be run independently of each
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other. Currently, this concept is followed in the presented
model.

Numerical computations

All Layers are registered in a LayerManager that triggers
each Layer to perform a certain task and provides a global
time loop. Layers with time varying data contain an
Engine that modifies the data of the Layer. A numerical-
based Emngine controls the solution of the numerical
equations. The Engine is triggered by the LayerManager to
forward the simulation to the next time step.

As already mentioned, the overall time loop is con-
trolled by the LayerManager. However, the choice of
Engine will determine if the governing equations are
solved in an explicit or implicit manner to update the sol-
ution to the given time level. The advancing in time is
divided into three steps: prepare, compute and update. In
the context of the finite-volume method, these steps corre-
spond to preparing all variables necessary for the
computation, computing all necessary terms and updating
the state variables to the new time level. After performing
the tasks belonging to one of these steps, the Engine waits
for the next trigger of the LayerManager. This means it is
possible to run multiple processes in parallel and exchange
data among them.

To separate the Engine from the actual physics and
numerical methods, the Engine solves the general transport
equation (Equation (1)) and forwards the task of computing
the terms to a so-called Scheme. A Scheme represents differ-
ent physical processes, like shallow water flow or transport,
and different numerical methods, too. The latter could be,
for example, a simple first-order upwind method or the
second-order approximate Riemann solution used in this
paper to solve the flux term in the SWEs. All numerical
algorithms are implemented as abstract and generic as poss-
ible, and are included in libraries to make them reusable.

Parallelisation and coupling strategy

To reduce the computational time used for high-resolution
case studies or large-scale computations, code parallelisa-
tion is useful. The numerical algorithms of HMS are
parallelised using the Java thread concept and creating a
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thread for each available core. This allows efficient compu-
tations on shared-memory multicore computers. Because of
the explicit time-stepping method used in this paper, a
simple procedure can be used for parallelisation: the
amount of computational cells is evenly distributed on the
threads, and the numerical algorithms are subdivided into
parts that can run in parallel. After each part, the threads
are waiting for each other before starting the next step.
Although this parallelisation technique is pretty straightfor-
ward, there is a good scale-up of computational time on
desktop and high-performance computers. Even though
the numerical algorithm can run in parallel, the execution
of the Layers or Engines is still sequential. To couple differ-
ent Layers or processes, each conservation law is solved
sequentially, and data are exchanged after every time step.
All processes implemented so far allow weak coupling, i.e.
while computing the new time step, a process is indepen-
dent of the others. In addition, it is possible to couple
HMS with external models via generalised interfaces
(Notay et al. 2012).

EXAMPLES

In the following four examples, the capabilities of the model
are presented. Further benchmarks and examples can be
found in Simons et al. (2012) and Hou et al. (2013).

Flash flood in a simplified urban district

In this example, simulation results are compared to exper-
imental data of a test case that includes varying bottom
topography, wetting and drying, and complex flow con-
ditions. As part of the joint European project Investigation
of Extreme Flood Processes & Uncertainty (IMPACT),
Testa et al. (2007) acquired experimental data for a test
case of a flash flood in a simplified urban district. The
domain of consideration is a 1:100 scaled physical model
of the Toce River valley. The topography data were obtained
by measurements of the model with a spacing of 0.05 m. The
model city in the considered domain consists of 20 houses
with the positions shown in Figure 2(a). The complete
setup of the experiment can be found in Testa et al. (2007).
On the upstream, an inflow boundary condition computed
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Figure 2 | Domain topography, positions of gauges and simulated flood propagation for the flash flood experiment (m). (a) Domain topography; (b) t=125; (c) t =14s; (d) t = 18s.

from the measured discharge into the feeding tank is
imposed. Downstream, a non-reflective outflow boundary
condition is chosen. All other boundaries are closed. The
experimental data are obtained through ten electrical con-
ductivity gauges placed on different spots in the domain
under consideration, measuring 0.2s. The location of the
considered gauges is shown in Figure 2(a). The data used
for this boundary condition are denoted as case ‘Low’ in
Testa et al. (2007), which refers to a low peak inflow. The
initial water depth is set to 0.0 m over the whole domain.
Friction is calculated with a Manning coefficient n=
0.0162sm "> (Testa et al. 2007), and turbulence is neg-
lected. The domain is discretised with a total amount of
30,192 triangular cells with an average size of 0.05 m. The
time step is calculated adaptively with a CFL number of 0.5.

The simulated flood propagations after 12, 14 and 18 s
are plotted in Figures 2(b), 2(c) and 2(d), respectively. In
Figure 3, the measured water depths at gauges 2-10 are
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compared to the numerical results. A relative error is com-
puted from the deviation of the observed and simulated
values normalised by the average value:

N
Zz‘ qi,obs - qi,sim

Relative error = N
Zi qi,obs

1)

% 100 (%)

where the subscripts obs and sim denote the observed
and simulated values, respectively, and N is the total
number of observations. The results for the simulated
water depths are given in Table 1. Overall, the simulation
shows good agreement with the measurements, with a rela-
tive error between 7.3 and 22.7%. The arrival time of the
wave is simulated correctly. The largest deviation can be
observed at gauge 5 (Figure 3(d)), with a maximum of
0.02m and a relative error of 51.6%. A similar deviation
can also be found in Sanders et al. (2008) and Soares-
Frazdo et al. (2008).
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Figure 3 | Comparison of numerical and experimental results of the water depth at gauges 2-10. (a) Gauge 2; (b) Gauge 3; (c) Gauge 4; (d) Gauge 5; (€) Gauge 6; (f) Gauge 7; () Gauge 8; (h)

Gauge 9; (i) Gauge 10.

V-shaped schematic catchment

This test case aims to show the accuracy of the presented
model in simulating shallow surface runoff, and it allows
comparison of the first- and second-order scheme. Overton
& Brakensiek (1970) presented an approximated kinematic
solution of the hydrograph for a long steady and uniform
rain event for a V-shaped schematic catchment. The geome-
try is given in Figure 4, where all parameters used in this
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simulation are taken from Di Giammarco et al. (1996). The
slope of the catchment is 0.05, and the channel slope is
0.02. The channel has a width of 20 m and the depth
varies from 1 m at the upstream end to 20 m at the down-
stream end. The Manning roughness coefficients are
0.015sm '* for the hillsides and 0.015sm™ !> for the
channel. The domain was discretised by a uniform rectangu-
lar mesh with a cell size of 10 m. All boundaries beside the
channel flow are closed boundaries, except the outlet, where
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Table 1 | Relative errors of the simulated water depth at gauges 2-10

Gauge Relative error (%)
2 16.8
3 9.4
4 7.3
5 51.6
6 15.0
7 12.6
8 14.3
9 22.7
10 11.1

Figure 4 | Geometry of the V-shaped schematic catchment.
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critical flow depth was assumed. The CFL criterion was set
to 0.1. A constant rainfall with an intensity of 10.8 mm h™*
and a duration of 1.5 h was imposed on the hillsides.

In Figure 5, the numerical results of the first- and second-
order scheme are compared with the analytical solution
(Overton & Brakensiek 1970; Stephenson & Meadows
1986) at the lower end of one hillside and at the outlet of
the domain. There is no analytical solution for the descend-
ing phase of the discharge at the channel outlet. The
relative errors according to Equation (21) are given in
Table 2. The results show a very good agreement of the
second-order scheme with the analytical solution. For the
first-order scheme, the results for the ascending and descend-
ing phase are poor, and strong detention can be recognised.
As mentioned previously, this can be explained by the very
small water depth in the catchment, which is below the vari-
ation of the bottom topography in a cell.

Surface runoff experiment

This example is about a rainfall simulation experiment that
was carried out in Thies, Senegal, and was presented by
Tatard ef al. (2008) and Miigler ef al. (20m). The example
was chosen as a benchmark test because not only the total
discharge was measured, but also local flow velocities
inside the domain at stationary flow conditions. By compar-
ing measured and simulated velocities, it is possible to
evaluate the model’s ability to compute both accurate flow
fields and accurate integral results. Miigler et al. (201m)

Analytical solution
1st order solution %
2nd order solution o

%
o, T 1
° Hx
%o, Xy
Oag. FRxx
OOOUU HX g
0000y

2000 4000 6000 8000 10000 12000
sl

Figure 5 | Comparison of analytical and numerical solution of the first- and second-order scheme. (a) Hydrograph at one hillside; (b) hydrograph at channel outlet.
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Table 2 | Relative errors for first- and second-order scheme (%)

1st order 2nd order
Hydrograph at one hillside 34.5 0.1
Hydrograph at channel outlet 14.5 0.7

presented results for steady-state conditions only; however,
Weill (2007) used a fully coupled model based on the diffu-
sive wave approximation and Richard’s equation on the
entire hydrograph. In this section, we will first present the
results of the steady-state case to show the accuracy of
the presented model by comparing its results with measured
flow velocities. We then present instationary results for the
entire hydrograph using the Green-Ampt infiltration model.

The rainfall simulation plot was 10 m long and 4 m
wide, with a 1% slope and sandy soil. The plot preparation
is described in detail by Miigler et al. (201r). The domain
topography is given by a 0.1mx0.1m digital elevation
model (Figure 6). For the numerical simulation, the
domain was discretised by a uniform rectangular mesh
with 4,141 cells. The upstream boundary condition was set
as outflow; all other boundaries were set as closed. The
water depth-dependent friction formulation of Jain et al.

Bottom-Elevation [m ASL] - Grid: 4141 Cells

(2004) was implemented. Using this approach, the Chézy
coefficient in Equation (3) is expressed as:

C = dVong! (i) (22)
do

where 7 is the minimum land surface-dependent Manning
roughness corresponding to flow depth dj, beyond which
n is assumed to be constant, and ¢ is a coefficient related
to vegetation drag (Jain et al. 2004).

For the steady-state simulation, infiltration was assumed
as constant and, corresponding to the steady-state discharge,
an effective rainfall of 51.5mmh ™' was applied. The simu-
lated flow field was compared with mean local flow
velocities at 62 points within the entire plot. Due to missing
information on the friction properties, the parameters 7o, dy
and ¢ were calibrated by minimising the root mean square
error (RMSE) of simulated and measured flow velocities.
A minimum RMSE of 2.55x102ms ! was obtained by
the parameters 79 =0.014sm™ '3, dy =0.0045m and
e =0.1. Figure 7 shows the water depth and flow velocity
at steady state and the locations of the measurements. In
Figure 8, the simulated and measured flow velocities are
compared. An overall good agreement can be seen.

HMS SurfaceFlow
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Figure 6 | Domain topography and positions of velocity measurements for the surface runoff experiment (m).
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Grid: 4141 Cells
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Figure 7 | Simulated water depth (m) and velocity (m s~") at steady state for the surface runoff experiment. (a) Simulated water depth; (b) simulated flow velocity.
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Figure 8 | Simulated versus measured flow velocities with RMSE =2.55x 1072ms~".

In the second part, an instationary simulation for
the entire hydrograph was carried out. During the
experiment, the rainfall intensity and the total discharge
were recorded. For the simulation, a rainfall time series
with a duration of 5,100 s was used as input. The par-
ameters of the Green-Ampt model were approximated
by the soil type and calibrated from the steady-state infil-
tration and the total discharge. In Figure 9, the
simulated infiltration intensity is compared with the
observed intensity, which was obtained by calculating
the difference between measured rain intensity and total
runoff. A qualitative agreement can be recognised.
The relative error according to Equation (21) for the
infiltration intensity is 17.6%. Figure 10 shows a compari-
son of the measured and simulated total discharge at the
outlet of the domain. The overall trend is reproduced
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Figure 10 | Comparison of measured and simulated hydrographs.

quite well, with a relative error of 13.7%. However,
the measured discharge at the beginning of the event is
not captured. Possible explanations are surface coating
effects, which are not captured by the Green-Ampt
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model. Furthermore, there is no accurate agreement of the
simulated and measured discharge at any time. This can
also be explained by the simplifications of the Green-
Ampt model, which was already shown in Figure 9. The
presented model can accurately simulate the surface runoff
process that could be shown in the steady-state simulations.
However, the runoff generation is, of course, a crucial part,
and should be improved in the future.

Small alpine catchment area

The aim of the Deutsche Forschungsgemeinschaft Research
Unit ‘Coupling of flow and deformation processes for mod-
elling the movement of natural slopes’ was to understand
and predict the failure of natural slopes. Rainfall, surface
runoff and infiltration are possible triggers for landslides,
and have been investigated in this project. The study area
Heumoser is located in the Vorarlberg Alps (Austria),
10 km south-east of the city of Dornbirn. Further infor-
mation on the project can be found in Lindenmaier (2008),
Wienhofer ef al. (2009) and Stadler et al. (2012). In this
case study, the surface runoff in the subcatchment area of
creek 3 with an area of ~100,000 m2 (Figure 11, dashed out-
line) was simulated for a rain event in July 2008 (Simons

et al. 20t1). The bottom elevation was defined by a digital
elevation model provided by the ‘Wildbach- und Lawinen-
verbauung’, Austria, with a resolution of 1mx 1m. All
simulations were carried out on a 1 m?2 uniform rectangular
mesh with 147,400 cells. In our investigations, we con-
sidered infiltration by a constant runoff coefficient, i.e. a
constant amount was subtracted from the measured rainfall.

First, the influences of the friction and the runoff coeffi-
cient were studied. For the friction, a small sensitivity was
observed. In Figure 12(a), a comparison of measured and
simulated discharges for two different runoff coefficients ¥
and a Manning coefficient of 0.067sm!/3 is given. The
results only show qualitative agreement and very high rela-
tive errors of 78.0% for ¥ = 0.3 and 64.7% for ¥ = 0.6 are
computed. The poor agreement can be explained by the
fact that the surface runoff model does not take into account
any slower discharge component in the subsurface such as
interflow or groundwater flow. As the focus of this paper
is on overland flow, a simple linear reservoir model was
added to account for an interflow component. It is described
by the continuity equation for the reservoir:

- I(t) — Q(?) (23)

catchment boundary
@® hillshade
| B forest

Figure 11 | Subcatchment boundaries at the Heumdser slope (Lindenmaier 2008).
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Figure 12 | Simulated hydrographs of the subcatchment ‘creek 3'. (a) Comparison of different runoff coefficients; (b) consideration of interflow via linear reservoir model.
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Figure 13 | Simulated flow field at t =62 h.

and a storage-discharge relation:

S(t) =K Q1) (24)

where S(t) is the storage at time ¢, I(¢) is the inflow and Q(¢)
is the outflow of the reservoir (e.g. Duggal & Soni 1996). The
constant of proportionality K is the average residence time,
and is obtained by calibration. The infiltrated amount of
water that is determined by the runoff coefficient is used
as inflow, and the computed outflow is superimposed with
the surface runoff to obtain the total discharge of the
domain. For the runoff coefficient ¥ = 0.3, an average resi-
dence time of K=6h leads to the best agreement of
computed and measured discharges and a relative error of
26.5%, as shown in Figure 12(b). Figure 13 presents the
flow field in the domain at f=62h when the highest
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discharge was measured for a water depth bigger than
1 mm. Small creeks with high flow velocities (>0.6ms !,
dark colour) have developed in the domain, while the flow
velocities on the surrounding surfaces are below 0.1ms™!

(light colour).

CONCLUSIONS

A two-dimensional model for overland flow and associated
processes such as infiltration is presented within the frame-
work of the HMS. It is based on the fully dynamic SWEs
and uses the HLLC approximate Riemann solver for flux
computation. The scheme is second-order accurate in
space, and a TVD scheme is used to avoid spurious oscil-
the Due to the hydrostatic

lations in solution.
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reconstruction and the splitting point-implicit method to
solve the friction term, the model can handle varying
bottom topography including wetting and drying and very
shallow water depth as they occur in overland flow.

HMS is a Java-based object-oriented software frame-
work which was developed at the Chair of Water
Resources Management and Modeling of Hydrosystems,
Technische Universitdt Berlin. It provides a flexible software
structure and allows easy implementation of new models,
numerical algorithms and coupled processes. In this work,
the layer-based approach of HMS is explained and includes
details on the implementation. It becomes apparent that
HMS supports the development of holistic models that
incorporate several processes and their interactions in
the context of hydro- and environmental science and
engineering.

The model’s capabilities were verified against four
examples. The first one is the simulation of a flash flood
experiment. It shows that the presented model is able to
handle strong discontinuities, varying bottom and wetting
and drying processes accurately and robustly. In the
second example, the model was verified by an idealised
analytical test case. Despite very small water depths
lower than the variation of the bottom topography, the
model showed very good agreement with the analytical sol-
ution. The third test case was chosen to show the model’s
ability not only to produce accurate integral results, but
also to compute an accurate flow field. Simulated station-
ary local flow velocities of an artificial surface runoff
experiment were compared with the measurements, and a
good agreement was achieved. In the same example, an
instationary simulation was carried out, and infiltration
was taken into account by the Green-Ampt model. The
overall trend of the hydrograph was reproduced quite
well. However, further improvements are required concern-
ing the infiltration approximation. In the last example, a
simulation of a real rainfall event in a small alpine catch-
ment was investigated. Infiltration was considered by a
constant runoff coefficient. It was necessary to add an
interflow component in the form of a linear reservoir
model to obtain good agreement of the simulated and
measured hydrograph.

To summarise, the model is robust and accurate in simu-
lating a broad range of complex shallow water flow
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problems including overland flow with wetting and drying
over complex topography.
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