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ABSTRACT: Flood risk analysis increasingly involves the integration of a full range of loading conditions
as well as multiple defence system states, overlaid by uncertainty analysis. This type of analysis involves the
simulation of many thousands of flood events. To keep model runtimes to practical levels an efficient yet robust
flood inundation model is required. To accommodate this need a rapid flood spreading model (RFSM) has
been developed that utilises the availability of good quality topography data and advanced GIS techniques.
This paper describes recent improvements to the RFSM that have focused on incorporating additional physical
processes within the spreading algorithm (multiple spilling and friction). This improved model is applied to
a number of different sites with comparisons made to a more complex hydrodynamic model. The findings of
this comparison demonstrate a good degree of similarity between the RFSM and more complex models, with a

significantly reduced runtime overhead.

1 INTRODUCTION

Flood risk analysis involves the integration of a full
range of loading, multiple defence system states and
uncertainty related to the input parameters of the
model. This type of analysis involves the simulation of
many thousands of flood events. To keep model runt-
imes to practical levels an efficient yet robust flood
inundation model is required. To meet these require-
ments a new model (called RFSM for Rapid Flood
Spreading Model) has been developed (Gouldby et al.
2008, HR Wallingford 2006).

This paper provides an overview of the RFSM, the
latest developments undertaken and then goes on to
compare the latest RFSM to a more complex model
on four pilot sites.

2 OVERVIEW OF THE RFSM CONCEPT

The RFSM is a simplified hydraulic model that takes
as input flood volumes discharged into floodplain areas
from breached or overtopped defences (Figure 1). It
then spreads the water over the floodplain account-
ing for the floodplain topography. The output from the
model is a flood depth grid of the floodplain area result-
ing from the input volumes at each defence. The model
was specifically developed to provide a fast solution
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to the flood spreading problem for use in probabilistic
flood risk models that consider defence failures (i.e.
where many model runs, involving different defence
failure combinations, are required).

The pre-process divides the floodplain in
elementary areas called Impact Zones (IZs). The 1Zs
represent topographic depressions in the floodplain
where the water accumulates in case of flooding
(Figure 2). The characteristics of the [Zs are also
generated by the pre-processing tool (relations
between a given IZ and its neighbours, level-volume
curve of each IZ). The communication level (CL) of
an impact zone defines the level at which water spills
into a given neighbour 1Z.

The RFSM spreads the flood volumes by filling the
1Zs adjacent to the input points and spilling the excess
to the neighbour 1Zs. This filling/spilling process is
repeated as long as some 1Zs have volume in excess.
When two or more neighbour IZs have the same water
level, they are merged into a unique 1Z. When all the
input volumes have been spread in the 1Zs and no 1Z
has excess volume, it is considered that the flood has
reached its final state.

This process can be summarized in 5 steps as
shown in Figure 3:

— Step 1, the overtopped volume is passed to the 1Z
adjacent to the defense (IZ B).
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Figure 1. View of the defence system with the Impact Zones and Impact Cells (based on (Gouldby et al. 2008)).
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Figure 2. Principles and key features of the Impact Zones (based on (Gouldby et al. 2008)).
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Figure 3. Description of the different spilling/merging steps.

— Step 2, the water level is set to the first CL, this
allows to calculate the volume stored in the I1Z and
the excess volume. The excess volume is spilled
towards one or more neighbour 1Zs (IZ C).

Step 3, the water level in IZ C being set to the first
CL, IZ C has the same water level as [Z B.

Step 4, 1Zs B and C are merged. The CLs of this
merged IZ (IZ BC) are calculated and the water
level is set to the first CL. The excess volume is
calculated and spilled towards one or more neigh-
bour IZs (I1Z A).

Step 5, the water volume is lower than the capacity
of the 1Z and the process stops.

A key feature of the RFSM is the conditions that
control the spilling of excess water from one 1Z to
the next. The next section presents in more detail the
spilling conditions and the incorporation of friction
influences in addition to the gravitational forces
within the RFSM.

3 DESCRIPTION OF THE MULTIPLE
SPILLING AND FRICTION APPROACH

In the earlier version of the RFSM (Gouldby et al.
2008, HR Wallingford 2006), an 1Z with excess vol-
ume only spills towards the neighbour 1Z with the
lowest CL. If two or more neighbour 1Zs have a CL
equal to the lowest CL, the excess volume is shared
between them (Figure 4).

In order to improve the RFSM, it was recognized
that the algorithm should incorporate more physical
processes, like the dynamic effects during the filling
of an IZ and the friction effects during the spreading.
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Figure 4. Description of the spilling rules in the earlier
RFSM.

3.1 Multiple spilling

The approach chosen to represent the dynamic effects
during the filling has been called Multiple Spilling.
This can be achieved in two different ways :

i. changing the CLs during the pre-processing
step so the CLs that are similar are set as equal,
allowing any excess volume to be shared between
them,;

modifying the spilling algorithm so that the
excess volume can be spilled towards multi-
ple neighbours by taking account of the relative
elevation of the CLs.

ii.

The first approach was used in the original
version of the RFSM, this was done by introducing a
Tolerance parameter. The tolerance parameter allows
CLs that are similar (where similar is defined using
the tolerance parameter) to be considered as equal
and the excess volume shared between them.

This was implemented within the pre-processing
routine by resetting all CLs between n X Tolerance
and (n + 1) X Tolerance to (n + 1/2) X Tolerance
with n an integer. If the Tolerance is set to zero, no
adjustment is done.

The main drawback of this approach is that it lacks
flexibility in the adjustment of the CLs. Considering
a Tolerance parameter equal to 0.2 m and n equal to 3,
two CLs respectively equal to 0.59 and 0.61 m will
be adjusted to different values (respectively 0.50 and
0.70 m) although they are very close.

The second approach has been implemented
in the latest version of the RFSM to have a better
representation of the spilling. Instead of using a
constant tolerance applied to all CLs between any



neighbour [Zs, the tolerance is calculated for each 1Z
as a function of its shape. The functional relationship
between the tolerance parameter and the I1Z shape is
explained below:

Consider the shape of the IZ as approximated by a cone.
If the cone has a wide aperture (Figure 5a), the water
level in the impact zone will increase relatively slowly
for any given input discharge. Conversely, if the cone has
a small aperture (Figure 5b), the water level in the 1Z will
increase rapidly for the same input discharge. It is more
likely that there will be spilling towards many neighbour
1Zs if the water level is rising rapidly.

The nature of the impact zone is captured within the
RFSM through the Volume-Level relation (Figure 6).
1Z 1 has a higher average Volume-Level slope than
IZ 2, despite both having approximately the same
capacity. Thus for a given input volume the level will
increase more rapidly in [Z 1 thanin IZ 2. SoIZ 1 and
IZ 2 can respectively be associated with the shapes in
Figure 5a and Figure 5b.

The tolerance for each IZ is then calculated using
the model variable, referred to as MSTo! (for Multiple
Spilling Tolerance), as follows:

Level, — Level,

MSTol = KTol x (1)

Volume,

where Level, and Level, are respectively the eleva-
tions of the first CL and the lowest point in the IZ (i.e.
a notional depth of the 1Z), Volume, is the volume of
water in the IZ when the water level reaches Level,,
KTol is a constant parameter.

Figure 5. Link between the IZ shape and the dynamic
filling effects.
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Figure 6. Example of two volume-level curves.
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MSTol is considered as an additional depth of water
in the I1Z due to the dynamic effects during the filling.
In reality the excess volume will be discharged in
the first neighbour IZ over a certain time allowing
the water level to rise above the first CL and then
possibly reach the second CL. MSTol is calculated
and applied by the analysis module (rather than by the
pre-processing). This also avoids any modification of
the CL and hence the CLs used in the RFSM remain a
true representation of the DTM (see section 3.3).

To explore the sensitivity of the RFSM to the
introduction of the MSTo/ parameter and in particular
its sensitivity to the constant K70/, a significant
number of sensitivity tests have been undertaken.
These tests show that the RFSM is relatively
insensitive to K70/ and a default value of 1400 for
KTol provides satisfactory results for all tested
situations (when used in conjunction with the friction
effects, see next section).

3.2 Friction

An important process for floodplain flow models is
surface friction. In particular, floodplain land cover
causes friction which affects the movement of the
flood wave. Typically a Manning friction coefficient
is used to capture this physical effect. The original
RFSM made no allowance for friction, this was rec-
ognized as a significant omission in the case of low
lying coastal floodplains where the flood extents were
too large.

This short-coming has been addressed by linking
the influence of the friction effect to the plan size
of the flooded area. The larger the flooded area, the
greater the friction effects are.

The friction effects are represented through a
head-loss. This head-loss is added to the CL to give
the threshold value that the water level needs to exceed
before spilling (see section 3.3). This head-loss is
considered to be a function of the total wet area by
the linear relationship:

@

where S, is the friction head-loss (m), 4,,, is the
flooded area (m?*), C, is a constant coefficient (m™).

The friction head-loss is calculated for every
iteration (an iteration being a single spilling/merging
step) as the flooded area varies after each iteration.
The friction head-loss is applied for spilling only
towards empty IZs.

The sensitivity of the RFSM to the parameter C,
has been examined. Although the RFSM is relatively
sensitive to the parameter C,, the value 10 has
been found giving satisfactory results for all tested
situations (when used in conjunction with the multiple

spilling).

total

S,= x4
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Figure 7. Description of the spilling rules in the latest

version of RFSM, with the combined role of multiple
spilling (MSTol) and friction (S).

3.3 Overview of the spilling algorithm

The condition for spilling in the earlier RFSM was
as follows:

WaterLevel = CL, 3)

where CL1 is the lowest CL. This has been modified
in the latest RFSM with the introduction of the multi-
ple spilling and friction effects. The spilling condition
becomes:

WaterLevel + MSTol 2 CL + S, 4)

where the water level is set to the first CL.

These conditions are explained in Figure 7. In
Figure 7a, the sum of the water level and MSTol is
higher than CL,,, ,,+ S, but lower than CL,, ,;+ S,
Then the spilling of the excess volume is done only
towards IZ 2. In Figure 7b, the sum of the water level
and MSTol is higher than CL + S, for both neighbour
1Zs. So the spilling is done towards both 1Zs 2 and 3.

4 APPLICATION ON PILOT SITES

4.1 Method

The RFSM performance has been evaluated over
4 pilot sites through a comparison with the 2D hydro-
dynamic model Tuflow. The RFSM used here is the
latest version with multiple spilling and friction.

The final flood depths computed by Tuflow are
here considered to be the correct results and are used
to calculate the RFSM performance indicators.
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The performance indicators used here are:

— the mean deviation between the RFSM depths
and the Tuflow depths (referred below as mean
deviation);

— a fit indicator and a bias indicator to quantify the
matching of the flood extent from both models
(referred below as fit and bias).

The fit and bias are calculated using the following
relations

Fit=100x ——> )
B+C+D

Bias:lOOX(B+C—1J 6)
B+D

where B is the area wet in both models, C is the area
wet in RFSM but dry in Tuflow, D is the area wet in
Tuflow but dry in RFSM, 4 being the area dry in both
models (Bates and De Roo, 2000).

4.2 Carlisle, Cumbria, UK

The first pilot site is located in the city centre of
Carlisle (UK). A filtered LiDAR data with a grid size
of 10 m has been used in both models. The area is
described by 72,580 DTM cells (7.2 km?). The RFSM
pre-processing allows to reduce the number of ele-
ments to only 3227 1Zs.

18 input points have been defined and a triangular
hydrograph is injected in the model at every point.
The total input volume is 7.97 10° m®. The Tuflow
model is a 2D only model with the input points being
exactly the same as in the RFSM. The Tuflow model
runs in approximately 20 mn, whereas the RFSM
runs in only 2s.

Both models give very similar flood extent and
flood depths. This is due to the high importance of
the topography in this constrained floodplain. The
mean depth deviation over the whole area is 0.06 m,
the fit and bias are respectively 98.4% and 1.2%. The
comparison of the flood extent is shown in Figure 8.

4.3 River Brit, Dorset, UK

The second pilot site is a reach of the River Brit at
Bridport. The area is described by a S m DTM compris-
ing 145,905 cells (3.6 km?). The RFSM pre-processing
reduces the number of elements to 5702 1Zs.

A coupled 1D/2D Tuflow model of the river and
floodplain has been used to estimate the volumes
spilled into the floodplain. In the RFSM the spills
from the river are represented by 37 input points with
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Figure 8. Comparison of flood extent from RFSM and Tuflow in Carlisle.

a total input volume of 804,900 m?. The Tuflow model
runs in 11 h whereas the RFSM runs in 4s.

The two model outputs are similar in the downstream
part of the site, but the differences are higher in the
upstream part. This is partly explained by the limited
number of input points in RFSM. The mean depth
deviation over the whole area is —0.06 m, the fit and bias
are respectively 81.8% and —7.7%. The comparison of
the flood extent is shown in Figure 9.

4.4 Boston, East Anglia, UK

The third pilot site is a large flat coastal floodplain
in the area of Boston (UK). The site is described
by a 50 m grid mixed Lidar/SAR DTM comprising
387,265 cells (968 km?). The RFSM pre-processing
reduces the number of elements to 28,609 1Zs.

A RASP system risk model (Gouldby et al. 2008)
had been previously applied and established a set of
overtop/breaching volumes for a number of return
periods and for each defence (HR Wallingford,
2007). For the testing of the revised RFSM a
nominal 1000 year storm event is considered with a
combination of breaches and overtopping.

The corresponding volumes are injected in the
Tuflow model (2D domain only) at 46 points. The
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Tuflow model runs in 15 h whereas the RFSM
runs in 5s.

The mean depth deviation over the whole area is
approximately 0.04 m, the fit and bias are respectively
56.7% and 4.1%. The comparison of the flood extent
is shown in Figure 10. The RFSM does not perform
as well as in the previous sites in term of flood extent.
This is largely due to the flat topography giving more
importance to the inertial terms in the shallow water
equations which are not currently represented in the
RFSM.

However the inclusion of the multiple spilling
and friction terms in RFSM considerably improves
the flood extent compared to the original version of
RFSM (shown in Figure 11).

4.5 River Lee, London, UK

The fourth pilot site is a small densely urbanised area
in the North East of London. The area is described
by a 5 m Lidar DTM comprising 183,362 cells
(4.6 km?). The RFSM pre-processing reduces the
number of elements to 6788 1Zs.

The considered flood event is caused by flows from
a surcharging culvert and is modeled by two input
hydrographs. The total input volume is 506,400 m>.
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Figure 9. Comparison of flood extent from RFSM and Tuflow on the River Brit.
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Figure 10. Comparison of flood extent from RFSM and Tuflow in Boston (latest version of RFSM).
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Figure 11. Comparison of flood extent from RFSM and Tuflow in Boston (original version of RFSM).
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Figure 12.  Comparison of flood extent from RFSM and Tuflow on the River Lee.
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Table 1. Summary of the comparison indicators between
RFSM and Tuflow for the 4 pilot sites.

Mean depth Fit Bias
Pilot site deviation (m) (%) (%)
Carlisle +0.06 98.4 +1.2
River Brit —0.06 81.8 -1.7
Boston +0.04 56.7 +4.1
River Lee +0.07 543 -23.6

The Tuflow model runs in 2 h approximately whereas
the RFSM runs in 10s.

The mean depth deviation over the whole area is
approximately 0.07 m, the fit and bias are respectively
54.3% and —23.6%. The comparison of the final
depths in both models is shown in Figure 12.

5 CONCLUSIONS

The RFSM is a flood spreading model designed to
run with very short computational and setup times.
This type of model is directly suited:

— To system risk analysis (where many flood inun-
dation realisations are required to represent a full
range of loading, multiple defence system states
and associated uncertainty.

— To large geographic scales where model set up
should be efficient and run time short.

The RFSM has been shown to perform well
against Tuflow in a number of pilot sites (Table 1).
It is much faster to run than hydrodynamic model
(run time typically <5 s) and appropriately accurate.
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The incorporation of multiple spilling and friction
effects in the algorithm are clearly improving the
model outputs in flat floodplains.

The RFSM continues to be developed in terms of
both the pre-processing and the spreading algorithms.
These developments will support the analysis of impacts
within the flood pathway and broader impacts such as
risk to life that rely on velocity and duration terms.
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