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ABSTRACT 

Performance-based measures are used to validate and quantify how likely the system’s results resemble that of 
the actual data. Its application in inundation studies is performed by comparing the extents of the predicted 
flood to the real event by measuring their overlap size and getting the percentage of this size to the union of 
both data.  
 
In this study, performances of 1- and 2-dimensional flow models were assessed when used with different 
topographic data sources, rasterisation cell sizes, mesh resolution and Manning’s values with the help of 
Geographic Information Systems (GIS). The Generalised Likelihood Uncertainty Estimation (GLUE) was also 
implemented to evaluate the behaviour and the uncertainties of the Hydrologic Engineering Center-River 
Analysis System (HEC-RAS) steady-flow model in delineating the inundation extents when various sets of 
friction coefficients for floodplain and channel were utilised as inputs. Although it was not possible to perform 
the GLUE procedure with Telemac-2D due to the simulation time, Manning’s n performances’ effects were 
evaluated using ten randomly selected sets of friction for the channel and floodplain. 
 
The LiDAR data, which had the highest resolution, performed well in all simulations, followed by Lantmäteriet 
data at 50 m resolution. The lowest resolution Digital Terrain Elevation Data (DTED) showed poor resemblance 
to the actual event and big misrepresentations of flooded areas. Rasterisation cell sizes in HEC-RAS showed 
minimal effect to the inundation limits when used between 1 m and 5 m, but performance started to 
deteriorate at 10 m (Lantmäteriet) and 20 m (LiDAR). The 10 m mesh resolution used for LiDAR behaved poorer 
than the 20 m mesh, which performed well in the different 2D simulations.  
 
For HEC-RAS,    =0.033 to 0.05 performed well when paired with    =0.02 to 0.10. It was apparent, 
therefore, that the channel’s Manning’s n affected the performances of the floodplain’s   . Furthermore, the 
study also showed that using heterogeneous roughness values corresponding to the different land use classes 
is not as effective as using single channel and floodplain’s Manning. The dependence of the floodplain’s 
roughness to the channel’s friction values had also been manifested by Telemac, even though it required lower 
values than the 1D simulator.    = 0.007 to 0.019   and    =0.01 to 0.04 gave good performance to the 2D 
system.  
 
In terms of the overall model performance, HEC-RAS 1D exhibited good results for Testeboån. Even when the 
average distances to the actual data were estimated, the breadths were shorter compared to the most optimal 
output of the two-dimensional simulator, which showed more overestimated areas, despite the fact that the 
overlap size with the 1977 actual event was better than HEC-RAS. It could be because the measures-of-fit took 
into consideration the areal sizes that were over- and under-predicted aside from the overlap sizes between 
the observed and modelled results. This could be the same reason with the mean distances produced, wherein 
higher values were computed for Telemac-2D due to its bigger gap from the actual flood as brought by the 
enlargement in the flood extents.  
 
But it was also made known in the study that such ambiguities in the model performance were further 
contributed by the characteristics of the floodplain’s topography of being flat. Testeboån’s inclination to the 
banks was averaged at 0.027 m/m, with the central portion at 0.002 m/m. The middle portion of the floodplain 
was illustrated to contain more uncertain regions, where water extents changed easily as the parameters were 
altered. Distances greater than 200 m were also mostly located within these inclination values or within 0.005 
to 0.006 m/m. The response of distance to the floodplain’s gradient improved when the slope value became 
higher, and this had been particularly noticed between 0 to 50 m.  
 
Keywords: 1D/2D flow models, flood, inundation study, GIS, GLUE, HEC-RAS, Manning’s coefficient, Telemac 
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1.  INTRODUCTION 

1.1. Background 

Most often, flood models have been assessed based on the outcomes they generate in depicting the extents of 
floods calibrated by them. Yet, each of the results is affected by the different inputs utilised by the user in 
running the system. Therefore, whether the model’s result is correct or not will be subjective to the user and 
his justification of the choice of parameters used. Unless there are means of verifying the simulator’s output, 
for instance, the presence of an actual flood data where the results could be compared with, the accuracy of 
the model will remain in question. 
 
With the availability of remote sensing data and aerial photographs, where actual flood events’ boundaries can 
be derived, assessment of hydrological system’s performance is becoming more possible. In such way, the 
outputs created by the model can be validated as to how they resemble the original inundation extents. 
Together with a given performance measure, the effects of the data and the parameters used can be 
quantified. Yet in inundation studies, the availability of such measurements are limited and can be found 
mainly in Bates and de Roo (2000) and Aronica et al. (2002). Still, they remain valuable instruments of model 
behaviour quantification.  
 
These goodness-of-fit measures can also serve as likelihood estimators in the Generalised Likelihood 
Uncertainty Estimation (GLUE) to further evaluate the ambiguities brought by the software, as well as the 
hydrologic data that are entered for the simulations. A complication in implementing the GLUE methodology is 
the amount of tasks in undertaking the Monte Carlo simulations and processing the results, due to the number 
of parameter sets to be tested that can hinder its application. In addition, the ranges of parameters pre-defined 
in literature can never be guaranteed to be able to survey the appropriate parameter space for the study area 
in focus, otherwise it has previously been tested in the same site and has been found out that the ranges are 
insufficient. The simulation time can also be another problem in implementing the procedure for some models, 
specifically with the more complicated ones. A few applications of GLUE in flood studies were particularly 
actualised by Aronica et al. (2002), Werner (2004), Werner et al. (2005), Hunter et al. (2005), Pappenberger et 
al. (2005), Horritt (2006), and Mason et  al. (2009). 
 
Nonetheless, the solutions provided by the system following the GLUE procedures can be relevant due to the 
consideration it gives to the uncertainties in the results, not just the areas that are going to be wet or dry. 
Hence, the regions that are highly ambiguous can be regarded with more caution especially in planning and 
assessing the flood risk in the area.  

1.2. Aims of the study 

The study’s main objective is to assess the behaviour of 1- and 2-dimensional flood models for Testeboån, by 
comparing it to the extents of the original inundation that transpired in May 1977. Specifically, the influences 
of the topographic data, raster cell sizes and mesh resolution in the delineation of flood boundaries would be 
estimated. The evaluation and quantification, which would be determined through the goodness-of-fit 
measures, would test the robustness of the model’s performance by means of how likely they resemble the 
actual flood event (Horritt, 2006).  
 
Secondly, the uncertainties brought about by utilising various sets of Manning’s coefficients would be explored 
for both models by calibrating them with different sets of floodplain and channel friction values. The purpose 
would be to find the appropriate Manning’s values within the parameter space that would work sufficiently for 
either simulator, in the case of the study area. The Generalised Likelihood Uncertainty Estimation (GLUE) 
procedure would be implemented, particularly for the Hydrologic Engineering Center-River Analysis System 
(HEC-RAS) in the investigation of the influences of friction coefficients. Only a few studies have applied GLUE 
for extent validation studies (Aronica et al., 2002; Werner, 2004; Hunter et al., 2005; Werner et al., 2005

a
; 

Mason et al., 2009; Pappenberger et al., 2005; Horritt, 2006), especially for the HEC-RAS steady-flow model.  
Therefore, the research’s outcome could then be compared with the ranges of friction values presented in 
studies that have utilised the same method, to additionally help determine the similarities or dissimilarities in 
the influences of   in the behaviours of the model. 
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In line with this aim would be to create uncertainty maps depicting the impacts of all roughness sets analysed 
within the GLUE context. The generated maps would be different from the usual flood maps, wherein they 
would reflect more the locations of the ambiguities produced by the flow models. The ambiguous areas 
determined could in turn be investigated to understand whether there would be other factors that could 
possibly contribute to the uncertainty of the flood simulator, aside from the calibrated parameter sets.  
 
The water boundaries that would be produced for all the calibrations, their deviations from the actual flood 
and the inclination of these extents to the river banks could further help understand if there would be 
relationship between the floodplain’s natural topography and the uncertainties exhibited by the models. 
Previous literature have not explicitly tackled this, except for Brandt (2009). In such case, this study could be 
compared to the results he produced, and may help expound on the behaviour of flood boundaries in these 
types of topography.  
 
Moreover, the results of the paper could be of benefit for future inundation studies concerning Testeboån. The 
parameters that would produce the most optimal performance for either model can be applied specifically to 
the study area and may help in producing maps that can be utilised for planning or risk assessment.  
 
Lastly, the thesis would indicate how Geographic Information System could be integrated with hydrologic 
modelling and analyses in attaining the study objectives. All processes involved, from the pre-processing of 
initial data, post-processing of flood results as outputted by the 1D/2D models used, performance 
measurements, GLUE implementation, production and visualisation of maps and analyses of results would be 
undertaken with the help of GIS. Hence, its role and application in inundation studies would be manifested in 
the entire research work.   

1.3. Organisation of the thesis 

The first chapter discusses a brief introduction about the study and the purpose of conducting it. Literature 
explaining the theories and the assumptions of the various flood models, and the specific software used are 
found in the second chapter. In addition, the GLUE methodology is introduced in this part of the paper, and so 
is its application with flood prediction models. A description of the study area, the data utilised and the 
procedures employed in producing the outputs are further explicated in chapter 3. The fourth chapter presents 
the various flood extents as outcomes of the different topographic data, resolution and roughness values, and 
their measured performance when compared to the actual event’s flood boundaries of 1977. The presence of 
relationship between the extents and the characteristic of the floodplain shall also be presented in this section. 
Discussion as to the results produced is found in chapter 5, while concluding remarks are in Chapter 6.  
Additional information on calibration parameters that can be used for validating the study performed and 
other maps produced are found in the Appendices.  

2. THEORETICAL BACKGROUND 

Flood models vary depending on their capabilities in modelling flows - from the simplest one-dimensional 
models, to the most complicated 3D models (Wurbs, 1997). Each has its own advantages and disadvantages 
over the other. The outputs produced may or may not sufficiently describe real-flood extents as they are 
affected by factors such as quality of the topographic data, particularly its resolution and the different 
parameters entered by the user. Such equifinality issues are common to hydrological models, thereupon, 
instead of using specific inputs to models, various parameter sets are tested and verified on how likely they are 
in depicting the observed data (Beven and Freer, 2001). One method in undertaking this is through the 
Generalised Likelihood Uncertainty Estimation (GLUE). 

2.1. Flow models 

The characterisation of flood systems in resembling flow relies on their dimensionality, capabilities and 
assumptions in modelling water movements (Hunter et al., 2007; Wurbs, 1997). The simplest and most 
commonly used models are one-dimensional (1D) flood simulators. The basic assumptions in them are that the 
water-level across the cross-section is perpendicular to the flow (Wurbs, 1997) and that the stream has 
longitudinal flow at a uniform velocity (Tayefi et al., 2007). Examples of 1D models are the Hydrologic 
Engineering Center’s River Analysis System (HEC-RAS) developed by the US Army Corps of Engineers and Mike-
11 by the Danish Hydraulic Institute (DHI). Their usage are deemed practical and efficient, and so as the 
amount of data required in the calibration (Bates and de Roo, 2000; Pappenberger et al., 2005), making them 
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still widely adopted as standard applications for inundation studies (Tayefi et al., 2007; Cook and Merwade, 
2009), specifically for streams between 5 to 50 km long (Bates and de Roo, 2000). Results produced by 1D 
models like HEC-RAS are also comparable to 2D models like Telemac, especially when run in rivers with less 
complex geometries, as what was exemplified by Horritt and Bates (2002). But such statement may also 
indicate the inadequacy of the software in handling complex geometries. Merwade et al. (2008) state that one-
dimensional models are limited in modelling extreme events in larger streams and braided river systems, as 
well as in representing water depths sufficiently. Their outputs can also be sensitive to both the spacing and 
positioning of the cross-sections (Hunter et al., 2007; Brandt, 2009; Cook and Merwade, 2009).  
 
Due to these shortcomings of 1D models, 2D flood simulation programs may be more appropriate in depicting 
flows for complex rivers and floodplains, since they are more capable of representing flow processes due to the 
continuous representation of the topography (Bates and de Roo, 2000). This makes them more adaptable, 
accurate and being more capable of representing the law of conservation of mass (Postma and Hervouet, 
2006).  Provided with the appropriate boundary conditions, both the depth-average velocity and water-depth 
can easily be established at the nodes (Bates and de Roo, 2000). Horritt and Bates (2001) also claim that two-
dimensional models are capable of balancing the computational and processing disadvantages brought about 
by 1D and 3D models, i.e. being either too simple or too complicated to use.  
 
Yet, 2D simulators also have their limitations.  Known problems include the various parameters that must be 
entered in running the model that for some instances necessitating computational skills on the side of the user 
(Werner, 2001). Another drawback is the slow performance in processing the mesh, specifically when 
generating them at higher resolution (Fewtrell et al., 2008) and performing simulation, when the study area 
and the floodplains are large. Nevertheless, with better systems and processors that are being developed, the 
latter is getting less and less of an issue within the model. For instance, Neal et al. (2010) mention that 2D 
models like Telemac and RMA-2 (developed by the US Army of Corps of Engineers Waterways Experiment 
Station, USACE-WES) have already been optimised through the so-called domain decomposition approach, 
through which the domains are disintegrated into various adjacent sub-domains that can run on another 
processing core, resulting to the speeding-up of the system and an enhanced performance on the simulation. 

2.1.1. HEC-RAS  

HEC-RAS is a 1D model capable of simulating unsteady- and steady-flow movements along the channel (US 
Army Corps of Engineers, 2002). Unsteady or non-uniform flow recognises the changes in both depth and 
velocity with time. Adversely, in the steady-flow, it is presumed that velocity, depth and water discharge are 
constant at each cross-section location (Wurbs, 1997; Haestad Methods, Inc. et al., 2003). 
 
The steady-flow profile adheres to the law of conservation of mass and momentum that are applied to the 
water surface elevation, as it advances to the cross-section (Bates, et. al., 2005). The friction coefficients, on 
the other hand, determine the resistance of the flow and the energy losses (US Army Corps of Engineers, 2002).  

2.1.2.  Telemac-2D 

The Telemac system is developed by the National Hydraulics Laboratory (LNH) under the French National 
Electric Company (Electricité de France, EDF) to cope with surface and underground flows. The 2-dimensional 
program solves the St. Venant or shallow water equation on triangular or quadrilateral elements, through the 
application of both conservation of mass and momentum equations (EDF-DRD, 2000).  The fractional-step 
method is applied in finding solutions to these equations by first solving for advection (Bates et al., 1997). In 
assuring that the conservation of mass is attained, both the Streamline Upwind Petrov Galerkin (SUPG) and the 
hybrid numerical scheme are implemented (Bates et al., 1997).  The former adjusts the Galerkin function by 
supplementing upwind streamline disturbances to the flow, while the latter uses the type of advection that 
employs the Method of Characteristic and centred differences together (Bates et al., 1997). The second step in 
the fractional method is solving for propagation, which is attained by using time discretisation techniques and 
applying solutions to the linear system through any of the conjugate-gradient-method types (Bates et al., 
1997). Telemac-2D also features a matrix storage capability allowing the matrices of the linear systems to be 
kept, while using their basic elemental form, in order to save both time in processing the data and the storage 
space (Bates et al., 1997) 
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2.2. Generalized Likelihood Uncertainty Estimation (GLUE) and its application in inundation studies 

A common problem with environmental systems is the problem of equifinality (Beven and Freer, 2001), 
wherein there is no particular approach that can be used in acquiring results. It recognises the fact that various 
parameter combinations exist that can be opted upon by the user to utilise, and with such, it will be difficult to 
find the true solution to the problem. Therefore, the degree of uncertainty as to whether the acquired  result is 
acceptable or not remains unknown, unless the model’s predictive capability itself is evaluated, through weight 
assignments, which will represent the likelihood of the solution to be acceptable (Beven and Binley, 1992).  
 
In the Generalised Likelihood Uncertainty Estimation (GLUE) methodology, a combination of different 
parameter values are randomly derived and run in the model. The range of parameter values can be sampled 
using either a uniform Monte Carlo or Latin Hypercube sampling method (Beven and Binley, 1992). In a uniform 
distribution, only the minimum and maximum parameter values are entered for each of the factors, and from 
these, distributed parameter sets are generated. The Latin Hypercube sampling, on the contrary, can 
specifically be employed to minimise correlation in the parameter sets (Beven and Freer, 2001).  
  
Although there is no minimum requirement as to the number of Monte Carlo simulations to be performed, it is 
postulated that this may be affected by the number of factors and the range of values being analysed, and in 
return can also impact the results that will help determine the behaviour of the model using the sampled 
parameters.  Yet, such effect will always remain unknown beforehand, unless prior simulations have been 
performed (Pappenberger et al., 2005).   
 
Various likelihood measures can be applied in assessment of the model’s performance, which can be indicative 
of its errors as brought about by the parameters utilised. This can generally be expressed using Bayes’ 
equation, as stated by  Beven and Binley (1992): 
 

                     (Eq.1) 

 
where         is the posterior likelihood distribution;         pertains to the likelihood function computed at 

the provided sets of new observation  ; and,       indicates the prior likelihood distribution of the parameter 
sets. It is pre-empted that any simulation having zero likelihood is considered non-behavioural (Beven and 
Freer, 2001) 
 
Like all other environmental models, hydrological simulators, particularly those for flood forecasting, encounter 
equifinality problems. This has been manifested with the sensitivity of the models with the choice of input data 
such as elevation, roughness coefficients and boundary conditions, which may impact the extents of the flood 
or the water depths produced. 
 
GLUE has been applied explicitly for investigating uncertainties in using different sets of Manning’s   for 
channel and floodplain with various flood software. LISFLOOD-FP, which is a raster-based model, was analysed 
with the GLUE method using randomly selected parameter combinations for Manning’s coefficient for channel 
and floodplain (Aronica et al., 2002; Mason et al., 2009) and using sets of friction values for upstream and 
downstream channel, at a fixed floodplain   (Horritt, 2006). Similar studies were also undertaken using Sobek-
1D, Sobek-1D/2D (Werner, 2004; Werner et al. (2005

a
), and HEC-UNET (Pappenberger et al., 2005). The 

number of Monte Carlo simulations conducted, corresponding to the parameter sets examined were 325 
(Werner, 2004; Werner, et  al., 2005

a
), 500 (Aronica et al., 2002; Hunter et al, 2005; Werner, 2004; Werner et 

al., 2005; Horritt, 2006) and 1.6 million (Pappenberger et al., 2005).                           
 
In extent validation studies, the application of GLUE methodology necessitates the presence of the actual flood 
event’s water boundaries and a performance measure that would be able to estimate the likeness of each of 
the predicted output from the Monte Carlo ensemble against the observed data (Horritt, 2006). A particular 
measure of likelihood used for the quantification of the extents of forecasted flood is presented in Bates and 
de Roo (2000), and Horritt and Bates (2001), employing the set theory in representing the intersection and 
union of observed (    ) and predicted flooded areas or pixels (    ): 
  

    
         

         

 
(Eq.2) 
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A more general notation in implementing this is used in Mason et al. (2009) as: 
 

   
 

     
 

(Eq.3) 

 
wherein   pertains to the size of overlapping areas by both the actual and simulated data;   is the supposed to 
be dry area, but inundated in the calibration; and,   is the area that should be flooded, but is not flooded in the 
model. Applying this to binary patterned data (Aronica et al., 2002) whereby a dry or wet pixel is either coded 
as 0 or 1, Eq. 2 will become: 
 

   
   

    

   
        

        
     

 (Eq. 4) 

 

In this equation, the pixel count is considered instead of the areal size.   
     denotes the total number of 

pixels that are wet in both the model and the observed data (i.e. similar to   .   
     represents the pixels that 

are dry in the actual data, but predicted to be flooded, while    
     constitutes the pixel counts that are dry in 

the model but are wet in the actual data.  
 
This measure-of-fit has been modified by Hunter et al. (2005) by subtracting the total counts of overestimated 
pixels from the overlapping pixels in the dividend, in order to penalise the overestimation produced by the 
simulator (Eq. 5). It therefore reduces the bias in either equation 3 or 4 in terms of the preference it gives in the 
over-estimated regions (Hunter et al. 2005).   
 

   
   

         
    

   
        

        
     

(Eq. 5) 

 
Translating this equation to areal size would be: 
  

   
    

     
 

(Eq. 6) 

 
In any of the above given performance, the closer the derived value of   to 1, the more likely the model’s 
output is comparable to the actual flood extents, while a value closer to 0 will indicate the poor likelihood of 
the former to the latter.  Equations 5 and 6 can have negative values up to -1, especially if the size of   exceeds 
the overlap size ( ).  
 
An uncertain model can then be exemplified to show the ambiguities as total effect of the parameter sets used 
in the calibration, in the form of an predicted flood map, representing  the condition of each cell      to be 

flooded or not, through measures ranging from 0 to 1 (with the latter as the most certain) (Horritt, 2006). This 
is done through a weighted-average goodness-of-fit measure:  
 

   
      

   

 
(Eq. 7) 

 
where j is the cell number and i is the simulation number. For individual simulation, each pixel considered as 
wet (     ) or dry (     ) is weighted with   , which is derived from: 

 

   
        

          

 
(Eq.8) 

 
whereby      and     are the minimum and maximum values of   , taking into account all the simulation 
results (Horritt, 2006). The   will be dependent on the chosen measure-of fit/likelihood estimator as previously 
discussed.  
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3. MATERIALS AND METHODS 

3.1. Study area 

Testeboån is found in Gävleborgs län in Sweden and is stretching from Åmot in Ockelbo to its drainage in Gävle. 
The entire river is about 85 km long. In this study, however, the focus would be the parts of the river within the 
Gävle Municipality that is about 14 km, from the motorway down to the estuary. Results would be processed 
specifically for the part of the reach from Åbyggeby and Oskarsbron, where the observed data is available. 
Moreover, the peripheries of the study area would be delineated after the position of the roads and railroads, 
which lie on higher grounds, as based on previous analysis. These extents are shown in Fig. 1.  
 

 
Fig. 1. Map of the study area and the analysis extent (far right) 

 
The northern part of the reach is surrounded mostly by coniferous and deciduous forests. The central portion is 
characterised by its flatness and is composed mostly of pasture. The river has a normal flow of 12.1 m

3
/s (SMHI, 

2007), yet, based on records, the biggest flooding that occurred was in 1966, with a discharge of 180 m
3
/s 

(Olofsson and Berggren, 1966). The most recent big flood event that took place was in 1977, registering a flow 
of 160 m

3
/s.  

3.2. Materials and pre-processing of data 

3.2.1. Topographic data 

The topographic data that was primarily used was the Light Detection and Ranging (LiDAR) data produced by 
SWECO. The laser-scan survey occurred on 5 May 2008, consisting of about 4 million model key points (i.e. 
filtered ground points), with an accuracy of around 0.10 m horizontally and vertically. Point spacing for this 
data was between 0.20 m to 1.8 m. The 50 m elevation model from the Swedish National Land Surveying Office 
(Lantmäteriet, 2009) and the Digital Terrain Elevation Data (DTED) Level 0 (National Imagery and Mapping 
Agency, NIMA), with a resolution of 1 km (30 arc seconds), were also utilised in the study.  
 
The bathymetric data was primarily composed of about 30 000 echo-sound points (with point spacing from 0.5 
m to 3.6 m) derived by SWECO from 22 to 27 October 2008. Some bathymetric points for the estuary were also 
provided by the Municipality of Gävle. Shallow parts of the reach that were difficult to be surveyed with echo-
sounding were interpolated with their bottom elevation, as discussed in the thesis of Lim (2009). Each of the 
topographic data was combined to the bathymetric data to constitute the basis of the geographic data used for 
the models.  
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3.2.2. Land use map 

For calibrations that tested the effects of topographic data, output raster sizes and mesh resolution, all 
Manning’s values corresponding to the different land use classes were used. The shape file utilised was based 
on the National Land Surveying Office’s Corine Land Cover Classification (Lantmäteriet, 2002). Water data, 
roads and railroads were added to make them more distinguishable in the map (Fig. 2).  
 

 

 

Fig. 2. Land use map  

 
Friction values were assigned according to Table 1, with majority based on Chow (1959). The channel’s 
Manning is the usual friction coefficient used by SMHI for natural channels.  

                                  Table 1. Manning’s friction coefficient for different land use 

Land use   

Urban / Industrial Commercial / Port Areas / 
Broad-leaf forest / Deciduous forest / Mixed forests 

0.10* 

Roads 0.013* 

Artificial non-vegetated (urban green areas) 0.030* 

Pasture 0.035* 

Fruit trees and berry plantations; cleared forests 0.040* 

Young forests 0.060* 

Wetlands/inland marshes/salt marshes 0.050* 

Channel and other water bodies 0.033 
       *Chow (1959) 
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3.2.3. Validation data 

The validation data (in vector format), covering the extents of the flooding that occurred on 12 May 1977, was 
provided by Gävle Municipality. The data was said to be digitised from aerial photos taken on the same date, 
containing only the flood boundaries in the floodplain. It was assumed that areas that were not included 
represented the main channel. But to be able to compare and compute the areal sizes of wet regions in both 
the simulation result and the real data, the river banks had to be added in the original 1977 water boundaries 
(Fig. 3).  

 

 
Fig. 3. Original extent of the 1977 flood event (left) and the flood extent supplemented with banks (right) 

 

Although the detail of the accuracy of this data set is unknown, this has been of value to the study as a 
standpoint for comparison of the actual event to the predicted water extents. 

3.3. Simulation  

Simulations were carried out for Testeboån utilising both 1D (HEC-RAS) and 2D (Telemac) models. In testing the 
effects of rasterisation and mesh resolutions to the flood boundaries, HEC-RAS and Telemac-2D were run from 
the motorway to Oskarsbron to make them more comparable to each other, and at the same time manageable 
for Telemac due to the large floodplain and the resolution of the mesh, which could affect the processing time. 
With the GLUE analyses, however, the simulations were performed from the motorway down to the estuary. 

3.3.1. HEC-RAS simulation 

For HEC-RAS, each of the point shape files containing the merged topographic and bathymetric data was 
converted to TIN models. Pre-RAS themes, such as the cross-sections, were created differently for LiDAR and 
Lantmäteriet since the floodplains were characterised differently as brought about by resolution and the 
accuracy of the topographic data utilised, that in turn can affect the flood’s outer limits. This was important as 
the area, particularly the middle portion of the floodplain was sensitive to such, as what had been observed 
during the earlier study conducted on Testeboån (Lim 2009).   
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Fig. 4. Cross-sections used with LiDAR (left) and Lantmäteriet (right) data simulations 

 
Prior to simulating with HEC-RAS, cross-section points were filtered to a maximum of 500, particularly when 
using the higher resolution LiDAR data. In addition, due to the heterogeneity of the area and the land use map 
to which the Manning’s    were derived, all cross-sections with more than 20 friction coefficients were cut 
down into 20, which is the limit of the software. This was especially done for the calibrations using all   values. 
 
A constant discharge of 160 m

3
/s, conforming to the maximum discharge of the 1977 flooding was assigned. 

Critical depth was set to the upstream boundary condition, assuming that the channel can have abrupt changes 
in its geometry or slopes, or at the presence of bridges (Robert, 2003). The known water surface elevation 
applied was 14.345 m. This was the measured water surface elevation in Oskarsbron on 12 May 1977 flooding, 
after conversion of the recorded measurement of 13.58 m based on RH00 (Vattenfall, no date). The height 
conversion factor of 0.765 m (Gävle Kommun, 2006) was added to the original height to acquire the water 
elevation used.  
 
The steady-flow analysis for a mixed flow regime was implemented in this study. This is on the assumption that 
flows can vary rapidly, and that in river confluences or with sudden alterations in the river’s geometry, both 
subcritical and supercritical calculations of flow can be computed by the software (US Army Corps of Engineers, 
2002). 

3.3.2. Telemac-2D simulation 

For Telemac-2D, the mesh was generated using the Matisse program, included in the Telemac software 
package. In generating the mesh for the channel, it was refined and elongated in the direction of the flow to 
better capture the water’s movements during the simulation. The floodplain’s mesh was made 10 m and 20 m, 
respectively that would be used for differentiating the effect of mesh resolution on model performance (Fig. 5).  
The number of nodes and elements corresponding to the meshes produced are further shown on Table 2. 
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Fig. 5. Mesh used for the LiDAR Telemac-2D simulations 

                  Table 2. Mesh resolution and topographic data used 

Topographic data Floodplain’s mesh resolution No. of nodes No. of elements 

DTED 20 m 47 714 94 320 

Lantmäteriet 
 

10 m 119 544 237 122 

20 m 35 264 69 544 

LiDAR 
 

10 m 108 553 215 066 

20 m 32 494 63 967 

 
Using higher mesh resolution similar to the output raster sizes (i.e. 1 and 5 m) utilised in HEC-RAS became 
impossible for Telemac due to the big extent of the study area, resulting to the long duration of the simulation, 
as well as errors being encountered during the process, especially when run preliminarily for the LiDAR and 
Lantmäteriet data at 5 m resolution. For the DTED data, the same problem had already been encountered 
when simulated at 10 m mesh resolution.  
 
Initially, the mesh was assigned with no topographic data because of some technical problems encountered 
with Matisse during the process. The topography was therefore interpolated and assigned to the mesh using 
Blue Kenue software developed by the Canadian Hydraulics Centre (CHC-NRC, 2010). The same software was 
used in assigning the friction data, which was imported from the land use shape file. The output geometric data 
from Blue Kenue in serafin format was imported in Fudaa-PrePro, which is Telemac’s graphical user interface 
(GUI). This was also used in the attribution of parameters and in running the simulation.  
 
Upstream boundary condition was assigned to the prescribed flow rate of 160 m

3
/s for a liquid boundary. The 

downstream liquid boundary condition was based on the prescribed water surface elevation of 14.345 m. 
Velocity profiles were preferred to be constant for both boundaries, with the assumption of the velocity vector 
being perpendicular to them (EDF-DER, 2002).  
 
A constant eddy viscosity (    was chosen for the Turbulence model, hence, the value for the velocity diffusivity 
(i.e. turbulence viscosity) had to be provided. This was solved through the turbulence model equation that can 
be referred in Bates et al. (2003): 
 

       (Eq. 9) 
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where   pertains to the mean water depth, while the shear velocity (  ) is calculated as in Eq. 10, where   is 
the accelaration due to gravity; and,   is the bed slope:  
 

  =     (Eq. 10) 

 
The computed turbulence viscosity for Testeboån was 0.16 m

2
/s, which was within the range of values used by 

Bates and de Roo (2000) for the Borgharen and Maaseik rivers (0.1 m
2
/s) and Bates et al. (1998, 2003) for the 

Culum and Stour rivers (2 m
2
/s). 

 
In solving the hydrodynamic propagation equations, the conjugate gradient method type of Generalised 
Minimal Residual Method (GMRES), which is said to be efficient in providing solutions to the model (Hervouet 
and Cheviet, 2002), was used.  GMRES is an iterative approach utilised for solving linear system equations 
implemented through the fractional-step method (i.e. a splitting method), which allows the solutions to the 
equation to be decomposed in each time step (EDF-DER, 2002). The GMRES method is characterised to 
minimise the norm of the residual vector over the Krylov space (Saad and Schultz, 1986). 
 
Treatment for linear systems, which is used for the specification of how the St. Venant equation will be treated 
was assigned to the Wave equation (EDF-DER, 2002). This uses the momentum equation in the exclusion of 
velocity from the continuity equation, enabling the steady-state condition to be solved faster, although 
needing a lower time-step (EDF-DER, 2002). Therefore, the time-step was assigned to 1. The duration of the 
simulation was 24 hours (86 400 seconds). By this duration, the water had already stabilised, based on initial 
trial runs. 
 
Mass balance was selected to compute for flows in the boundaries and the errors generated during the run. 
Mass lumping on H and on Velocity were also enabled to make the computation more stable, albeit the 
smoothness they do to the solution (EDF-DER, 2002).  
 
The matrix storage was assigned to edge-based storage, where the diagonal edges of the triangular mesh could 
be used for storing the matrix (Hervouet et al., 2008). All other parameters, otherwise indicated in the sample 
validation data used in Appendix C, were based on their default values, which in most cases can give reliable 
results (EDF-DRD, 2000).  

3.4. Calibration inputs and parameters 

Several calibrations were made for the 1D and 2D models based on the aims of the study. The specifications of 
the topographic data, corresponding output raster and mesh resolutions, and Manning’s values that were 
calibrated with the models are further discussed in the succeeding section of the paper. Performances were 
assessed using equations 3 (  ) and 6 (  ).   

3.4.1. 1D  

The HEC-RAS-1D steady flow model was calibrated using either the LiDAR or Lantmäteriet topographic data. 
The DEM, which was merged with the bathymetric data, was used for the creation of the TIN model. Thus, one 
simulation would be made using the TIN based on the high resolution LiDAR data and another HEC-RAS 
simulation for Lantmäteriet data. In post-processing the results of each simulation using either topographic 
data, the output cell resolutions were assigned as in Table 3. It must be noted here that it was only with the 
delineation of the flooded regions that the resolution were altered. The output maps that would show the 
flood extents and the water depths would be reflective of the size of the grids that were used to rasterise them.  
In simulating these, all roughness values        for the different land use classes discussed in Section 3.2.2. 
were used. 
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                  Table 3. Data source, output cell size and   for performance testing of topographic data  
                                  and rasterisation cell size 

Topographic data Output cell resolution         

 
Lantmäteriet 

1 m  
 
 

     

5 m 

10 m 

20 m 

 
LiDAR 

1 m 

5 m 

10 m 

20 m 
 

In the application of GLUE analysis to the different sets of channel and floodplain’s Manning, the main 
topographic data used was the high resolution LiDAR data (about 0.23 points per m

2
), with the 5 m output 

raster size. The cell size performed well based on initial calibrations, and was at the same time practical for 
simulating large amount of data, without compromising the quality of the results. The channel and floodplain 
roughness values are randomly chosen based on the ranges shown on Table 4. These dimensions are said to be 
appropriate for examining the parameter space (Horritt and Bates, 2001).  
 

Table 4. Channel and floodplain   ranges used for the Monte Carlo simulation and GLUE analysis 

 Roughness range Distribution 

    0.01 to 0.05 Uniform 

    0.02 to 0.10 Uniform 

3.4.2.  2D  

Telemac-2D’s behaviour was tested for the effects of both topographic data and mesh resolution, while using 
Manning’s   for all land use classes (Table 5).  
 
                 Table 5. Topographic data and mesh resolution inputs for calibration 

Topographic data Floodplain’s mesh resolution         

DTED 20 m  
 

     
 

Lantmäteriet 10 m 

20 m 

LiDAR 
 

10 m 

20 m 

 
In examining the effect of using a single floodplain roughness for left- and right over banks of Testeboån, the 
highest resolution data, which was LiDAR’s 10 m mesh, was calibrated using the standard channel roughness of 
0.033 and floodplain frictions of 0.02, 0.05, 0.10 and 0.20 (Table 6). 
 
              Table 6. Summary of Manning’s   for Telemac-2D calibration 

Topographic data Floodplain’s mesh resolution         

 
 
LiDAR 

 
10 m 

 
0.033 

0.02 

0.05 

0.10 

0.20 

20 m 0.005 to 0.040 0.01 to 0.08 

 
Furthermore, the response of Telemac with ten randomly selected pairs of               to 0.04; 
         to 0.08) was assessed. These ranges were in accordance to what was used by Horritt and Bates 
(2002) for the software, which is mentioned to utilise lower friction coefficient. These Manning’s values were 
evaluated for the 20 m resolution data, which manifested good performance behaviour based on previous 
runs.  The GLUE methodology, similar to the one applied for HEC-RAS, was inadequate to be used with Telemac 
due to the long processing time of the simulation.  Thus, the performance validations for the ten sets of friction 
coefficient were undertaken instead, to examine the effects of friction values to inundation boundaries 
predicted by the software.  
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3.5. GLUE analysis  

To test the uncertainty of HEC-RAS to the various Manning’s coefficients entered, 500 Monte Carlo simulations 
were conducted using randomly selected and uniformly distributed   values (as indicated in Table 4). The GLUE 
procedure was conducted up to the estuary, using the same discharge, but the boundary condition utilised was 
based on SMHI’s (2002) estimated water surface in the delta (i.e. 1.598 m.a.s.l.), after conversion from the 
original, which was 1.4 m.a.s.l.  
 
The rasterised flood extents produced from HEC-RAS were the ones utilised, since the uncertainty would be 
accounted for each pixel’s status to be inundated. Threshold value of 10 cm (Aronica et al., 2002) as to the 
water depth was set in order to avoid noise in the results as effect of vegetation. Aronica et al. (2002) mention 
that this value minimises the uncertainty in the flood extent outputs. Hence, in the creation of the binary map, 
areas having water depths below the threshold were reclassified as dry (0), while those that exceeded it were 
wet (1) (Fig. 6).   
 
Each output was validated against the actual flood extents using Eq. 3 of the areal measure of fit. Since the 
validation data was a vector map, it would be easier to overlay it with the HEC-RAS output after converting the 
latter as a feature data set. It must be noted that during the conversion process, no lines were generalised so 
as to preserve the exact extent and size of the original HEC-RAS raster output.  A sample overlain map is 
displayed in Fig. 6 showing the overlapping regions by the model and the actual data ( ), and the over- ( ) and 
under-predicted ( ) areas calibrated.  
 

 
Fig. 6. Original HEC-RAS raster output (left), reclassified binary map (middle) and the overlain  

predicted and observed maps (right)  
 
After all the performances of individual simulation had been estimated, the equivalent likelihood weights (  ) 
based on Eq. 8, were calculated. Every coded map produced had then to be multiplied to their corresponding 
  , prior to computation of    (Eq.7). The output produced from this became the predicted inundated map.  

 
To further measure the uncertainty in the delineated flood solution, Horritt (2006) proposed an entropy-based 
measurement (Eq.11), which was adopted in this study:  
 

                                    (Eq. 11) 

 
The resulting map was indicative of values with the most uncertainty exhibited by    = 1 and this corresponded 

to    = 0.5. Least uncertainty, on the other hand, was manifested by    = 0 (i.e. equivalent to a    value of 0 or 1) 

(Horritt, 2006). 
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3.6. Distance and slope computation 

The actual data and each of the extents produced had been converted to points of equal distances of 1 m and 
25 m, respectively. The height values of the latter were also extracted in order for the attributes’ table to 
contain this information that would be later used for slope computation.  
 
The Spatial Join function under the Analysis tools of ArcMap, allows the tables of a layer to be affixed to 
another layer’s table, based on their relative location to each other (ESRI, 2009). This was used so that each 
point in the extent layer would be matched to the closest actual data point. By selecting the closest match 
option, the nearest point to the target would be selected and paired to the corresponding point feature, and 
their distance from each other would be computed.  
 
The same was done with the bank layer. It was converted to points and extracted with the height values from 
the DEM. The output from the spatial joint function between the extent and the actual data became the new 
target data, in order for the distance to the actual event to be included in the attributes’ table after appending 
it with the banks.  
 
Before doing the join operation, a polygon that represented the upper part of the study area was created so as 
to impose the features of the extents and the banks that would be joined together. For example, in Fig. 7, the 
closest banks that would be paired to the point features of the water boundaries (i.e. marked in blue) could be 
coming either from the points within the red or green circles, depending on which would be nearest to the 
extent. However, the right banks should be from the location of the green circle, because this was 
perpendicular to the channel flow, and when the water overflows, it goes from this direction to the extent. To 
avoid the banks within the red circle to be joined to the features within the blue circle, the polygon boundary 
was used to choose all point features from the banks and extents that intersected it, that would constitute the 
upper part of the study area and would initially be joined spatially. This procedure excluded the lower area of 
the flood’s outer limits where points could mistakenly be paired.  Eventually, all features from the banks and 
the extents were selected, and those that were intersected by the polygon were removed from the selection to 
constitute the lower part of the study area, prior to doing spatial joint.  Thereupon, the upper and lower shape 
files were merged to combine the information for the entire reach.  
 

 
Fig. 7. Polygon separating the banks and the extents into upper and lower parts of the study area  

prior to spatial joint operation 
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The slope was thereafter calculated for each point with the information derived in the table using the equation:  
 

   
   

 
 

(Eq. 12) 

 
where ∆H is the change in height between the extent and the banks, and D is the distance between the two 
points.  

4. RESULTS AND ANALYSES 

4.1. HEC-RAS results  

4.1.1. Performance-based results for topographic data and rasterisation cell size  

The LiDAR data showed best performance (                    for higher resolution raster output (1 m) 
after the calibration (see Table 7). This had also the highest overlapping size with the actual data, and the least 
over-estimated and under-estimated areas. As the cell size was increased, the performance also declined, but 
this had only a slight effect from 1 m to 10 m raster resolution. The decrease was more notable for the 20 m 
output size, where the overlap was reduced, and the areas under-estimated became bigger. The size of over-
estimation had also increased. 
 
As with the National Land Surveying Office’s (Lantmäteriet) topographic data, the raster cell size had very little 
effect to the output, based on    and    . But if the alterations in areal sizes would be focused, the 5 m 
resolution performed well, based on the size of overlap and the area under-estimated, which was the least. The 
10 m cell size had produced the largest over-estimation, while the 20 m the biggest under-estimation.  
 
If the percentage of overlap would be considered between all the simulations and the actual event, 
Lantmäteriet’s topographic data had greater overlap percentage than LiDAR. But because the over-estimated 
size was almost double than LiDAR, both measures-of-fit (i.e.   and      had been affected. The summary of 
the performances of the various topographic data and output cell resolution are presented in Table 7. 
Corresponding maps are found in Appendix F.  
 
        Table 7. Performance results of HEC-RAS simulation using different output grid size 

Topographic 
data 

Output 
cell size 

              % overlap to the  
1977 flood 

 
Lantmäteriet 

1 m all 0.033 0.563 0.192 89.51 

5 m all 0.033 0.563 0.192 89.54 

10 m all 0.033 0.562 0.190 89.46 

20 m all 0.033 0.561 0.190 89.23 

 
LiDAR 

1 m all 0.033 0.645 0.423 83 

5 m all 0.033 0.645 0.422 82.97 

10 m all 0.033 0.644 0.420 82.90 

20 m all 0.033 0.640 0.415 82.48 

4.1.2. GLUE analysis on      and     

Among the Monte Carlo ensemble, the highest performance measure using     was 0.658, for            
and             while the lowest was 0.557 for           and           . The latter had also the least 
over-estimated area.  
 
The result for    was different, whereby the lowest goodness-of-fit measure was calculated for the data with 
the highest percentage of overlap. This was because the solution had also the largest over-estimated area, 
which was subtracted from the size of overlap, before dividing them with the union of the entire data set (i.e. 
predicted and observed).  
 
The summary of results is shown in Table 8. The highlighted column,     is the standard likelihood measure 
used for the GLUE analysis. The calibration for the whole stretch of Testeboån using all floodplain’s Manning 
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and the standard channel friction (0.033) is also indicated in the Table. It has lower    performance than the 
most optimal simulation using a single Manning´s n.  
 
        Table 8. Summary results of the Monte Carlo simulation 

Simulation 
 number 

Output 
cell size 

              % overlap to the 
1977 flood 

LiDAR_5m_ALL 5 m ALL 0.033   0.635    0.404 82.72
 

007 5 m 0.021 0.011   0.557*    0.371  68.48
x 

008 5 m 0.021 0.017   0.567    0.385 69.25 

020 5 m 0.022 0.031   0.618    0.431
++

 76.72 

112 5 m 0.037 0.050   0.658**    0.395 89.38 

486 5 m 0.098 0.049   0.640
x
    0.319

+ 
   94.31

xx
 

           *Least   ; **Highest    
                    +Least   ; ++Highest    
                     xLeast overlap; xxHighest overlap 

 
The least optimum model output illustrated more areas being underestimated in the central portion of 
Testeboån. There was also small overlap with the 1977 event in this part of the floodplain. In simulation 112, 
which was the most optimum result based on   , flood boundaries exceeded the observed data in the same 
part of the river, but in other parts, the fit between the two became better (Fig. 8).  

 
Fig. 8. Maps with the least (left) and the most optimal (right) solution based on varying Manning’s   

 
A scatter plot of the performance measure resulting from different sets of friction coefficients are further 
illustrated below, with the most optimal solution highlighted in red (i.e. simulation no.112). 
 

 
Fig. 9. Performance measure results plotted against the Manning’s   for floodplain and main channel 
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Plotting the floodplain frictions against their resulting     in the form of contour (Fig. 10) showed that the 
maximum performance (   ≥ 0.65) were exhibited by     between 0.033 and 0.050, while for floodplain’s   , 
the values were more distributed from 0.02 to 0.10. This was also illustrated in the scatter plot in Fig. 9.  

 

 
Fig. 10. Manning’s   for floodplain and channel, plotted against the performance measure (  ) 

 
HEC-RAS’ performance depended more on the channel’s friction. Even a low floodplain roughness of 0.021, 
when paired with higher channel  , contributed to the good behaviour of the model. For instance,     
between 0.021 and 0.029 that were coupled with    from 0.045 to 0.050 gave an average performance of   
  =0.654. While for higher floodplain   (0.093 to 0.100), lower channel friction coefficients (from 0.034 to 
0.040) were necessary. Table 9 summarises the ranges of    and    that were run in the simulation resulting 
to performances of 0.65 and above. The third column indicates the mean performance of the combined sets of 
Manning.  
                                               Table 9.     and     ranges with      0.65 and above 

        Average    

0.021 to 0.029 0.045 to 0.050 0.654 

0.031 to 0.040 0.039 to 0.050 0.655 

0.043 to 0.049 0.039 to 0.049 0.656 

0.052 to 0.060 0.037 to 0.048 0.655 

0.060 to 0.070 0.034 to 0.049 0.654 

0.071 to 0.079 0.034 to 0.046 0.652 

0.080 to 0.090 0.033 to 0.043 0.651 

0.093 to 0.100 0.034 to 0.040 0.650 

   
The size of areas overlapping the actual flooded extents also increased with an increase in channel and 
floodplain’s   , but the trend was more distinct for the channel friction (Fig. 11).  The lowest overlap size was 
simulated for the roughness sets, which had the lowest performance measure (        ). The highest 
overlap, was for           and           (i.e. 94.3% of the actual event’s size), but this did not have the 
maximum performance measure. Model’s overestimated areas also positively changed as both   were assigned 
to higher values. As earlier stated, despite the increment in overlap, the performance measure did not take this 
into account, since this would be compensated by enlargement of over-predicted areas, which was also 
increasing as the   values got higher.  Nevertheless, an inverse relationship became apparent with 
underestimated regions and Manning’s values, whereby they decreased as friction coefficients were 
incremented.  
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Fig. 11. Areal size of overlap (top), overestimation (middle) and underestimation (bottom) for floodplain and 

channel Manning’s coefficient 
 
The predicted inundated map produced from overlaying the 500 simulations, based on their likelihood weights 
are shown in Fig. 12 (left), with the    values indicating the weighted-average inundated condition of each pixel.  

According to Horritt (2006), this does not depict probability, rather, it visualises the likelihood of whether a cell 
will be wet or dry during the actual flooding. The value is from 0 to 1, with 1 indicating the maximum likelihood 
of being flooded.  
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Fig. 12. Predicted flood map (left) and entropy (right) maps  

 
The level of uncertainty modelled can further be depicted by the entropy map (Fig. 12, right). Highest entropy 
values (i.e. 1) were shown in black, corresponding to the lighter grey areas in the predicted flood map to the 
left.  These most uncertain locations (having        ) were mostly found in the edges where the predicted 

water boundaries move with changes in channel and floodplain frictions.  The white areas were the certain 
regions that would either be modelled as wet (i.e. those having     ) or dry (    ). 

 
The locations having entropy values from 0.90 to 1 were dominant in the central part of the reach (Fig. 13). 
These areas are flatter compared to the other parts of the floodplain and are composed mainly of pasture lands. 
The average inclination of these locations to the river banks is about 0.002 m/m.  
 

 
Fig. 13. Areas with entropy values between 0.90 to 1 

 
The performance results (  ) for each run were ranked to get their distribution function that could further help 
determine the uncertainty bounds of the model. Beven and Binley (1992) use areas within the 90%  bounds of 
the Cumulative Distribution Function (CDF) as indicators of behavioural simulations to be considered in a study, 
while those outside the 5

th
 and 95

th
 percentiles are rejected. The changes within the original and the new 

distribution can also determine how the maps will be altered with the introduction of the new bounds.   
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Applying this to the study, the original distribution results had its 5

th
 and 95

th
 percentiles at 0.603 and 0.656, 

respectively. Using these percentiles as the new limits (0.603<  <0.656) of behavioural simulations would 
result to the rejection of 79 simulations, leaving the accepted as 84.2% of the original numbers of runs (Fig. 14).  
 

 
 Fig. 14. Prior (solid line) and posterior (red dashed lines) distributions of Manning’s performances 

 
Uncertainty and entropy maps created using those simulations that fell within the measure-of-fit limits are 
displayed in Fig. 15. There were more darker areas (i.e. high     classified in the new inundation map, especially 

those pixels at the edges. But these changes were most noticeable again within the flat areas at the centre of 
the floodplain, where they became darker. Focusing on these central portion, and changing the variations of 
colours with the most likelihood measure of being flooded (=1) as red, this had became bigger after the 
rejection (Fig. 16).   
 

 
Fig. 15. Predicted flood (left) and entropy maps for performances within 0.603<  <0.656 
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Fig. 16. Predicted flood maps at the central part of the reach, before (left) and after (right) rejection 

 
The same was applicable to the entropy map. The areas that were most uncertain in the original number of 
runs diminished after the rejection, as shown with lesser red areas or high uncertainties, and more pixels that 
turned blue, which were closer to 0 or more certain to be flooded (Fig. 17). There were also more pixels that 
were previously blue in the original smulations that turned white (i.e. no uncertainty) after the rejecition.  
 

 
Fig. 17. Entropy maps with the original number of runs (left) and within the 5

th
 and 95

th
 percentiles (right) 

4.2.  Telemac results 

4.2.1. Performance-based results as influence of topographic data and mesh resolution 

Poor performance behaviour                       was exhibited by the DTED data, having the 20 m 
mesh resolution (Fig. 18). The negative    value derived was due to the huge region overestimated by the 
model. The percentage of overlap to the observed data (77.4%) was also low compared to the results from the 
other two sources.  
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Fig. 18. DTED result for the 20m mesh resolution 

 
The 10 m mesh resolution for Lantmäteriet’s topographic data performed better (                  ) for 
both goodness-of-fit measures. The drop in both    and    for the 20 m mesh was affected more by the 
expansion of the over-predicted areas, despite the fact that the overlap size became bigger and the 
underestimated regions were lesser (Fig. 19).   
 
The opposite, however, was manifested by the LiDAR data. The 20 m resolution mesh behaved better 
(                  ) than the 10 m mesh (                  ). The result for the 10 m data was 
influenced by the enlargement of the water surface that was not overlapping with the actual flood. The areal 
size being underestimated was also larger than the 20 m mesh.   
 
For the overall result based on resolution and topographic data source, LiDAR had the highest performance 
using both    and   . The overlap percentages were also highest using 20 m and 10 m meshes, compared to 
lower resolution data like Lantmäteriet and DTED (Table 10). 
 
 Table 10. Results of goodness-of-fit measures for the 10 m and 20 m mesh resolution simulated in Telemac-2D 

Topographic  
data 

Mesh 
resolution 

              % overlap to the  
1977 flood 

DTED level 0 20 m all 0.033 0.215 -0.51 77.4 

Lantmäteriet 10 m all 0.033 0.516 0.062 94.4 

20 m all 0.033 0.509 0.046 94.9 

LiDAR 20 m all 0.033 0.566 0.147 97.3 

10 m all 0.033 0.535 0.089 96.8 
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Fig. 19. Inundation results for Lantmäteriet (top) and LiDAR (bottom) for 10 m and 20 m mesh resolution  
 

4.2.2. Response to various floodplain’s   
Using the standard channel friction of 0.033 with different floodplain roughness (implemented for LiDAR, 10 m 
mesh), the highest and lowest   and   were exhibited by     = 0.020 and     = 0.200, respectively. 
Diminishing performance was also noticed with every increment in floodplain’s Manning, despite the increase 
in the overlap size between the two data. This could be attributed to the enlargement of the over-predicted 
areas, as in the case when    = 0.20 was used, wherein the over-estimated regions exceeded the overlap size.  
 
               Table 11. Performance estimation for LiDAR 10 m data using various floodplain Manning 

Topographic 
data 

Mesh 
resolution 

              % overlap to the 1977 
flood 

 
LiDAR 

 
10 m 

 

0.02  
0.033 

 

0.543 0.115 95 

0.05 0.533 0.086 96.5 

0.10 0.517 0.048 97.5 

0.20 0.495 -0.002 98.2 
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The overemphasis had been apparent in the central portion of Testeboån, similar to those overvalued by HEC-
RAS (Fig. 20).  
 

 
Fig. 20. Flood map for LiDAR 10 m mesh, with various floodplain    

and channel friction fixed at 0.033 

4.2.3. Behaviour with different sets of    and     

When frictions for both channel and floodplain were generated randomly between                    and 
                    for the 20 m data, the results showed that the lower the value the floodplain friction 
had, the better performance was exemplified by the output. Lower channel frictions, between 0.008 and 0.019 
also contributed to better performance of the model, especially if paired with higher floodplain  . The plot of 
the performance contour using different sets of roughness coefficient for channel and floodplain is illustrated 
on Fig. 21, with the distribution of   calibrated represented as dots. 
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Fig. 21. Contour plot of the Telemac-2D’s performance with utilisation of various sets of     and     

 
The most optimal solution derived was produced by           and          , with    = 0.589 and   = 
0.218 (Fig. 22). The least optimal result was for           and          , having performances of 
         and         . 
 

 
Fig. 22. Most (left) and least (right) optimal solutions for Telemac using different pairs of     and     

at 20 m mesh resolution 
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4.3. Distance from observed data  

Distances between the extents of the various simulations and the validation data set varied depending on each 
of the parameters used. Among the HEC-RAS outputs using LiDAR data with different rasterisation cell sizes, 
their maximum distance to the 1977 flood were not so significant from each other. Only small variations were 
noticeable to the highest distances produced for 1 m, 5 m, 10 m and 20 m. Lantmäteriet results had shorter 
maximum distances to the actual data, than the LiDAR results. From 1 m, the maximum distances were 
increasing but not significantly.   
 
Considering the entire span between the two data’s boundaries, all of LiDAR’s results were shorter in length to 
the actual data, as exhibited by their mean distances (Table 12).  They were also less dispersed from the mean. 
The 1 m data, which had the greatest average value, could have been affected more by the noise produced in 
the delineation of flood, creating small patches of wet areas, despite implementing the threshold to the water 
depths that would determine flooded areas.   
 
Table 12. Mean, maximum distances and standard deviation of HEC-RAS results as effects of DEM and output  
                  pixel sizes 

Topographic data Output cell size Mean dist. (m) Maximum dist. (m) Standard dev.  (s) 

 
Lantmäteriet 

1 m 81.77  515.88 109.34 

5 m 81.26   516.40 108.88 

10 m 81.81  517.87 109.37 

20 m 80.36 517.87 108.75 

 
LiDAR 

1 m 64.82 567.23 89.10 

5 m 60.33 567.70 89.54 

10 m 59.08 568.78 92.69 

20 m 58.97 570.68 92.79 

 
For the GLUE simulations the expansion between the simulated and observed data agreed more on the 
performance measure results of    with the most optimal result having the lowest mean distance, and this was 
even less than the distance of the most optimal    output (i.e. simulation no. 112). Run no. 486, which had also 
the minimum    performance, had the greatest mean, maximum breadths and standard deviation among the 
data presented in Table 13. This could be attributed to the over-estimated size, which had been penalised in 
the said measure-of-fit and also being considered in the mean distance computation. The bigger the over-
estimated areas, the bigger the average distance from the outer limits of the 1977 flood would be. As with the 
most and least optimal results of   , this trend was not established. Although 007 was the least optimal, the 
mean distance between the data was lower, as well as its deviation from the mean, compared to the run that 
performed best (112). In addition, the maximum gaps produced by both runs were insignificantly different from 
each other.  
  
                 Table 13. Mean, maximum distances and standard deviation of HEC-RAS results as effects of  
                                   roughness coefficients 

Simulation ref. Mean dist. (m) Maximum dist. (m) Standard dev.  ( ) 

112* 62.40 573.26 107 

  007** 57.32 572.37 83.28 

              020
+
 53.66 572.94 85.04 

486
++

 69.87 689.34 112.27 

              008
x
 56.57 572.37 79.92 

                      *   most optimal result based on     
                      **least optimal result based on     
                      +      most optimal result based on     
                      ++    least optimal result based on     
                      X     least over-estimated areal size  

 
With the Telemac-2D system, the farthest distance to the actual data and greatest variability from the average 
was manifested by the low resolution DTED elevation model (1 067 m). The maximum distances for the 10 m 
and 20 m meshes using LiDAR were greater (743 m and 573 m) and more dispersed than the Lantmteriet’s 
outputs. But if the overall mean distance to the actual data would be the basis, the high resolution LiDAR data 
had the least average distance, particularly the 20 m data (92.63 m), which also showed good performance, as 
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indicated in Section 4.2.1. The mean distance increased with lower resolution DEM, combined with lower 
resolution mesh as in Table 14. 
  
Table 14. Mean, maximum distances and standard deviation as effects of DEM and mesh resolution 

Simulation ref. Mesh resolution Mean dist. (m) Maximum dist. (m) Standard dev.  ( ) 

DTED 20m 240.91 1 067.73 284.70 

Lantmäteriet 10 m 102.23 534.85 120.94 

20 m 104.02 540.98 124.23 

LiDAR 10m 99.39 742.88 143.61 

20m 92.63 572.71 129.60 

 
Solutions produced using the standard channel’s Manning of 0.033, paired with the different floodplain’s 
roughness coefficient were more distanced to the actual event’s extents and more scattered from the mean, 
compared to either using the most optimal and least optimal pairs of    and     (Table 15) or the Manning’s 
that represented all land use classes (Table 14). The average gap between the original inundation and the 
predicted data was lowest for the run that used the most optimal floodplain and channel’s Manning (n001, 
85.48 m). This average value increased with up to 15 m with the least optimal parameter chosen, and in using 
the standard channel friction of 0.033 coupled with the lowest floodplain coefficient (0.020). The mean further 
increased with the usage of higher floodplain friction. But it must be noted here that n001 and n009 were 
calibrated with the better performing 20 m mesh resolution. Those simulations with the varying floodplain 
roughness were used with the 10 m mesh, which gave more maximum and mean distance outputs.   
 
              Table 15. Mean, maximum distance and standard deviation as effects of Manning’s coefficient 

Simulation ref. Mean dist. (m) Maximum dist. (m) Standard dev.  ( ) 

n001 85.48 572.80 124.56 

n009 101.08 572.68 134.20 

   =0.020 101.15 760.43 144.41 

   =0.050 107.50 783.26 149.48 

   =0.100 114.37 791.34 152.22 

   =0.200 123.20 804.74 164.94 

4.4. Distance and inclination of the floodplain to the banks 

The spacing between the 1977 water extents and the simulated results were also affected by its inclination to 
the river banks. For HEC-RAS, those that had expansion lengths greater than 200 m were in between the 
average gradient of 0.002 m/m. The space between the two data diminished, as the slope value incremented. 
Those that were between 0 to 50 m were in areas that were more inclined to the banks. The same results had 
been distinct with the Telemac outputs, with those that were graded closer to zero (between 0.005 to 0.006 
m/m) were those that were 200 m or more away from the original boundaries. Slope values of those which 
were 50 m or less from the actual data were higher. Tables 16-18 display the matrices of specific distance 
ranges from the actual data based on the various calibrations performed. The values in each row correspond to 
the average inclination (in m/m) of the extents to the river banks, for the given simulation.  
 
Table 16. Matrix of distance ranges and corresponding mean inclination of the floodplain to the banks for  
                  HEC-RAS simulation at different output rasterisation sizes 

Model Topographic  
data 

Output cell 
size 

≥ 200 m 100 m < < 200 m 50 m< < 100 m 0 m< < 50m 

 
 
 
 

HEC-RAS 

Lantmäteriet 1 m 0.002 0.004 0.013 0.046 

5 m 0.002 0.005 0.018 0.046 

10 m 0.002 0.005 0.016 0.045 

20 m 0.002 0.004 0.019 0.049 

LiDAR 1 m 0.002 0.013 0.019 0.026 

5 m 0.002 0.014 0.019 0.032 

10 m 0.002 0.012 0.021 0.035 

20 m 0.002 0.016 0.018 0.041 
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Table 17. Matrix of distance ranges and corresponding mean inclination of the floodplain to the banks for  
                  Telemac simulations based on different mesh sizes 

Model Topographic  
data 

Mesh 
resolution 

≥ 200 m 100 m < < 200 m 50 m< < 100 m 0 m< < 50m 

 
TELEMAC-

2D 
 

DTED 20 m 0.006 0.038 0.042 0.085 

Lantmäteriet 10 m 0.002 0.003 0.009 0.042 

20 m 0.002 0.003 0.008 0.039 

LiDAR 10 m 0.005 0.008 0.014 0.044 

20 m 0.005 0.010 0.015 0.037 

 
 Table 18. Matrix of distance ranges and corresponding mean inclination of the floodplain to the banks for             
                   HEC-RAS and Telemac simulations based on GLUE and performance analyses of Manning’s n 

Model Topographic  
data 

Simulation  
ref. 

≥ 200 m 100 m < < 200 m 50 m< < 100 m 0 m< < 50m 

 
HEC-RAS 

 
LiDAR 

007 0.004 0.022 0.023 0.038 

020 0.003 0.008 0.020 0.033 

112 0.002 0.005 0.014 0.034 

486 0.003 0.006 0.012 0.035 

 
 

TELEMAC-
2D 

 
 

LiDAR 

n001 0.005 0.013 0.015 0.037 

n009 0.005 0.013 0.016 0.037 

   =0.020 0.005 0.013 0.018 0.042 

   =0.050 0.005 0.008 0.015 0.044 

   =0.100 0.005 0.008 0.014 0.045 

   =0.200 0.005 0.009 0.016 0.044 

 
A sample distribution of the distances, as results of these gradients, upon simulation in HEC-RAS using the 
LiDAR data at various output cell sizes is displayed in Fig. 23. The bigger illustration to the left is the combined 
response of the model using different calibration parameters. The insets to the right side are the individual 
responses’ distribution.  Similar graph results for the other calibrations are to be found in Appendices K and L. 
In these images, the dots were mostly concentrated on lower slope values, characterising the floodplain as flat. 
Majority of the high distance values were also concentrated to the gradients closer to zero.  
 

 
Fig. 23. Combined responses of HEC-RAS simulations using LiDAR with different raster resolution (left) and 

individual responses (right, inset)  
 
The average inclination to the banks of the entire study area was 0.027 m/m. Looking at Fig. 24 can give an 
insight of how the inclination appears, from 0, being the flattest. Values can be more than one for very steep 
slopes. Testeboån in this case falls within the red lines in the figure. The central part of the floodplain had an 
average inclination of 0.002 m/m, which was close to zero.  
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Fig. 24. Graphical representation of inclination from 0 to 1 m/m 

5. DISCUSSION 

It is widely known that the resolution of the topographic data used for inundation studies impact the flood 
extents produced by the simulator (Brandt, 2005; Werner, 2001). In this study, such effect had also been 
evident. The LiDAR data, which had the highest resolution, performed well in all 1D and 2D simulations 
conducted on the basis of the computed    and   . The mean distances from the actual flood event’s outer 
limits using LiDAR were also lower in the different calibrations. This was followed by the 50 m Lantmäteriet’s 
data, which performed quite well in all calibrations (with    above 0.50), but resulted to large over-predicted 
regions.  These outcomes attest the statement of Mason et al. (2003) that the better the resolution of the 
topographic data is, the more precise and accurate the representation of the stream and the floodplain 
geometry will be. The poorest performance was exhibited by DTED, which had a resolution of about 1 km or 30 
arc seconds. Big uncertainties and inaccuracies in the output using this elevation model were shown, proving 
its inappropriateness to be used for inundations studies. Topographic representation with DTED, even when 
combined with high resolution bathymetric data had misrepresented the river, where the bottom elevation 
exceeded the DEM’s height measures, resulting to these areas to be dry when modelled.  
 
The output cell resolution chosen for delineating floodplain in HEC-RAS using LiDAR only gave minimal 
performance effects with 1 m to 10 m pixel sizes. However, the effect became more noticeable at 20 m, 
wherein performance started to deteriorate for LiDAR. The overlap size was reduced, and the under-estimated 
regions became bigger. Similar impacts are recognised by Brandt (2005) for using lower raster cell resolution 
with the model, where flood extents’ changes become more distinguishable mainly for 50 m and 100 m. For 
Lantmäteriet’s data, performances were reduced and sizes of over-estimation increased at 10 m and 20 m.   
 
Mesh resolution’s impact on the flood extents produced by the 2D model had both positive and negative 
influences on the flood’s outer limits. For Lantmäteriet, the higher resolution (i.e. 10 m) mesh gave better 
performance value than the 20 m mesh resolution. For LiDAR, the 20 m mesh resolution performed better than 
the higher resolution 10 m mesh. On the other hand, comparing the mean distances of the two resolutions 
indicated that the 10 m mesh’s average distance was not significantly different from that of the 20 m mesh, 
based on the z-test result (-1.96 <       < 1.96) at the 5% significance level. It must be emphasized here that 
the test was performed despite the non-normality of the data (as it was skewed to the right), due to the large 
number of samples used for each group (i.e. greater than 1 500).  
 
This behavioural result by LiDAR for Telemac was difficult to verify with previous literature as most of the 
meshes used in 2D models were from 20 m and above, which can be bought about by technical and 
computational constraints when simulating higher resolution meshes with the system, as what was also 
experienced when the 5 m resolution was tried for the simulator. There is also a limited number of researches 
that validate the results produced as effects of mesh sizes. In the study conducted by Horritt et al. (2006),  
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where they used the Simple Finite Volume 2D model (SFV) for evaluating the effects of meshes, they mention 
that water-surface is already represented well using the 20 m mesh resolution, and reducing the sizes shows 
less improvement in the result. Nevertheless, it must be noted here that they use the 2.5 m mesh as a 
benchmark for comparison of results. In Yu and Lane (2006), where 4 m, 8 m, 16 m and 32 m resolution meshes 
are validated, their study shows that the 8 m mesh perform better than the 4 m mesh. One of the 
presumptions is that the locations that  are supposed to be dry in the 4 m mesh resolution can be located in 
areas that they term as drying poorly (Yu and Lane, 2006), which could be associated to areas that exhibit 
uncertainty because of their topographic characteristics. This could be the same reason why the 20 m mesh 
performed better than the 10 m mesh in the case of Testeboån. The bigger discrepancies between the two 
results were visible in the central portion of the floodplain. In other areas that were confined in steeper slopes, 
the 10 m data had almost the same or lesser extent than the 20 m mesh. Another reason could be the duration 
of the inundation used for Telemac. Both data were simulated 24 hours, which could have affected the output 
extents. As what is also stated in Yu and Lane (2006), coarser mesh resolution produces the flood faster than 
higher resolution meshes. Taking for instance the 32 m, 16 m and 8 m element sizes they use, they get the 
same inundation extents at different simulation durations (i.e. 38 h, 32 h and 30.5 h). Hence, the duration time 
for the 10 m mesh used in this study could have been increased. But the problem would be determining the 
duration of how much more it should be simulated, considering the long processing time of running the data in 
the model. Simulation using this mesh size for a 24-hour flood duration took at least one day to process. 
Likewise, this also leads to another issue when deriving the simulation result based on the flood’s hydrograph’s 
peak or extracting the results based on known durations/time of recorded flood data. For the same reason that 
Yu and Lane (2006) mention, the time extents and peak flows could be dependent on the mesh resolution used. 
Consequently they could either be attained faster with lower resolution meshes or slower with finer element 
sizes. 
 
In terms of the roughness coefficient, HEC-RAS performs optimally high (  =0.65) between           and 
0.050 that could be matched with     from 0.02 to 0.10. The behaviour of the floodplain’s    had been 
dependent to the channel’s   value used. Even lower floodplain’s Manning produced good results, as long as 
the right ranges of    were assigned together with it. Pappenberger et al.  (2005) also mentioned about this 
when GLUE was performed using HEC-UNET. It also affirms the suggestion of Werner et al. (2005

b
) that the 

focus must be put on the channel’s friction coefficient that would be paired with the floodplain, in the case of 
SOBEK software. This could be an inherent characteristic of 1D models, since the friction coefficients are used 
for solving energy losses (Horritt and Bates, 2002). Nevertheless, the set of floodplain and channel’s Manning is 
difficult to determine beforehand, unless analysed with GLUE or a sufficient number of Manning’s sets have 
been calibrated. In addition, what had been implemented for this river can never be guaranteed as to be 
effective to other rivers due to different topographical features inherent to the study area. The value to be 
assigned to either the floodplain or the river will always be site specific. Taking for instance Thames and Imera 
rivers (Aronica et al., 2002),    = 0.05 to 0.10 and    = 0.030 to 0.035 works well with the former, while    = 
0.04 to 0.10 and    = 0.08 to 0.09 for the other. In Horritt and Bates (2002), higher floodplain’s Manning 
showed good behaviour (   = 0.08 to 0.10), while for the reach, the ranges (   = 0.04 to 0.05) performed well 
and these were almost similar to that of Testeboån and Imera.   
 
Testeboån could also be requiring higher channel and floodplain’s Manning based on the outcomes of its 
performance using the 1D model, where the maximum     of 0.05 and     of 0.10 produced good results. The 
dimension for the channel friction could have been increased up to 0.10, while for the floodplain to 0.20, to 
better evaluate the parameter space and to further examine up to which channel or floodplain friction it will 
perform well. This is a complication within the GLUE methodology. The ranges of parameters are difficult to 
determine initially, and will often rely on experts’ opinions on which ranges are to be tested, or to previous 
range of parameters performed with GLUE. The problem with the first is that this can also be a case to case 
basis due to the differences of the site in focus and the flow assumptions of the systems. The second one will 
be by reason of computational and technical limitations of undertaking Monte Carlo simulations, which 
complicate its implementation. 
 
With Telemac-2D, the results conformed to what was observed by Bates et al. (1998) wherein an increment in 
friction significantly enlarges the inundation extents, regardless of the mesh resolution used. Lower floodplain 
and channel roughness gave better outputs, leading to lesser over-estimated regions, which affected the 
performance of the model most. It is possible that lowering the ranges of values for floodplain and channel’s 
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friction can also help improve and find out which ranges of frictions will work well with Telemac, in the case of 
Testeboån.  
 
Nonetheless, using varied   values based on the different land use types with both simulators produced lower 
goodness-of-fit estimates than using single channel and floodplain’s  , making it not so effective to be used in 
such cases. Although land classes are heterogeneous, as well as the Manning’s roughness values (Schumann et 
al., 2007), the usage of all these does not help improve model’s performance (Werner et al., 2005

b
). A single   

for floodplain and channel can suffice inundation studies, as long as the right values and pairs are chosen.  
 
Using the pre-defined channel’s Manning based on what is suggested by SMHI, in the case of natural rivers 
here in Sweden, can also have implications on the inundated extents produced and on the software utilised to 
delineate inundation. As what had been noticed here in Testeboån, the roughness value of 0.033 worked well 
with the 1D model, especially if the right floodplain value was utilised, and also the right boundary condition. 
The latter’s performance was better when it was run using the downstream condition of 14.345 m at 
Oskarsbron, compared  to the entire stretch of the river up to the estuary. Floodplains similar to that of 
Testeboån can easily be affected even with small changes in water heights due to the characteristics of the 
area in focus. As earlier mentioned, boundary conditions is one of the factors that can add uncertainties to 
flood modelling. But for the 2D model, careful consideration must be taken if this channel friction (i.e. 0.033) 
would be assigned, particularly with the choice of floodplain’s    that would be paired with it, as what was 
manifested by Telemac, which behaved better with low floodplain and channel friction coefficients.  
 
In this study, despite the complexity of the floodplain (i.e. being dominated by big flat areas, which can further 
contribute to more uncertainties in the outer limits of the predicted inundation), the HEC-RAS 1D steady-flow 
model surpassed Telemac-2D in the overall performance using    and   , especially when it was used with both 
high resolution data and high output raster size. This behaviour was further improved when coupled with an 
optimal single channel and floodplain’s    than using all friction coefficient based on the different land use data. 
 
Even if the percentage of overlap to the 1977 flood event of the Telemac’s results were high (i.e. between 94% 
to 98%) compared to HEC-RAS (maximum 83% for resolution and 89% for  ), the model’s performance became 
poorer because of the huge over-estimated areas that it predicted (more than double the size of areas over-
estimated by HEC-RAS). It was also manifested in the average distances produced by the simulations in Telemac. 
The most optimal run was more than 20 m greater than the mean of the calibrations performed with HEC-RAS. 
For other less optimal runs with the two-dimensional program, this difference can be up to 40 m. Therefore, in 
spite of the simplicity of HEC-RAS in its assumptions and principles in the computation of flow (Bates and de 
Roo, 2000; Pappenberger et al., 2005), the software proved to be more efficient in providing the desired results 
for this study. This also affirms the results of Horritt and Bates (2002) in the positive behaviour exemplified by 
the said model, when compared to 2D models like Telemac and LisFLOOD. Even though there are claims of the 
limitations of 1D models like HEC-RAS (Hunter et al., 2007; Merwade et al., 2008; Brandt, 2009; Cook and 
Merwade, 2009) and that 2D simulators can better be used for complex flood modelling cases due to their 
capabilities and assumptions in solving flow problems (Bates and de Roo, 2000; Postma and Hervouet, 2006), 
these models may not always perform as what they are expected to. Again, this statement is based on the 
methods employed to quantify the data, the processing procedures that were undertaken, the data used and 
the parameters that were run in the models. Other parameters than the ones utilised could never be 
guaranteed to produce the same results and may not always lead to the same assumption in the 
appropriateness and high performance of HEC-RAS over Telemac. As earlier mentioned, each parameter and 
parameter combinations entered have implications to the outputs produced by the systems. It could be with 
the flood extents, as what was exemplified in the whole study, or to the water depths. The calibrations done 
could also have been biased with the HEC-RAS calibrations, which were able to be simulated with high output  
rasterisation sizes, while the maximum mesh size used for Telemac was  up to 10 m, due to technical problems 
encountered when performing the simulation for finer mesh resolution.  
 
Additionally, it should be remembered that the behaviours of the 1D and 2D software were computed based 
on the performance measures that were available for flood extents validation that could have been biased in 
some ways in depicting how the fit between the predicted and the observed data was quantified. The 
application of    as a standard performance measure could have led to misrepresentation of the results’ 
behaviour because of the over-penalty it imposed to the over-estimated areas. In this study, where big 
uncertainties as to the extents of the flood had been common as further brought by the topographical features 
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of the floodplain, this likelihood measure had been inadequate to be employed. It had been apparent with the 
solutions produced by Telemac-2D, which were computed with very low     (0.218 for the most optimum 
result), and even negative values were calculated especially when the overlap sizes were exceeded by the 
enlarged areas. Thereupon,    was the more appropriate performance quantifier based on the deduced results. 
Although Hunter et al. (2005) mention that    shows preference to the over-estimated areas, it had been 
visible in the outputs that it also considered the effect of the enlargement in areal size. Both the results of 
Telemac and HEC-RAS for Lantmäteriet data calibrations performed lesser, in spite of the bigger overlap and 
lesser underestimation produced by them.   , for that reason, also penalised this expansion.  
 
Moreover, it must also be cited here that the validation data used could also be inaccurate in depicting the 
extents of the water. As mentioned in the earlier thesis on Testeboån (Lim, 2009), there were areas that were 
questionable as to being flooded due to their high ground elevations. Consequently, this could have led to 
misrepresentation of wet and dry areas in the validation file, which in effect could influence the reliability of 
the performance results.  
 
Looking at the discrepancies between the most-optimal results of the HEC-RAS and Telemac models, these 
regions had been prominent in the central parts of the floodplain, which were flatter (Fig. 25). These were the 
same locations where high uncertainties were measured, as shown in the entropy maps, and also when the 
simulations used were between the 5

th
 and 95

th
 percentiles. The behaviour using the quantile limits were also 

seen in the results produced by Pappenberger et al. (2005), wherein they indicate that sensitivity to the 
changes when using all the simulations and those  that are behavioural are higher and more distinguishable in 
these flat areas, while at floodplain with steeper slopes, these were less noticeable. For that reason, the natural 
topographic attribute of the floodplain could have contributed to the perplexities of the models and the 
parameters used. This also coincided with the results produced in all the calibrations made, showing that the 
extents that were from 200 m and up were on slope values between 0.002 (HEC-RAS) and 0.005 m/m 
(Telemac). As the slope values got higher, there was a decrease in space between the two data, and this had 
been particularly noticed when the computed extents were between 0 and 50 m away from the 1977 flood 
boundaries.  Brandt (2009) show similar slope effect on the distance of the flood’s outer limits in Eskilstunaån. 
The results acquired for Testeboån were in agreement on what he and Fewtrell et al. (2008) acknowledge, 
whereby inundation extents increase with flatter floodplains. Flat areas allow water to move freely over the 
surface, that even small changes imposed to the model can either expand or contract the water surface.  Unlike 
if the flow is more confined to steeper floodplains, the water delineation is more certain (Brandt, 2005), and as 
what was commented by Fewtrell et al. (2008) on the study of Yu and Lane (2006), even the effect of DTM 
resolution can be negligible in this case. 
 

 

Fig. 25. Inundation extents produced by the most optimal results of the 1D and 2D models 
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6. CONCLUSION 

Geographic Information System was used with 1- and 2-dimensional hydrologic models in processing data and 
evaluating their results’ performances as effects of topographic data, raster sizes, mesh resolution and friction 
coefficient.  It proved to be an essential tool in attaining the goals of the study and also showed the possibility 
of integrating it with hydrologic modelling and analyses. 
 
In the overall behavioural output of calibrations with Testeboån, HEC-RAS showed its adequacy to be used for 
the said reach, together with the high resolution LiDAR data. Finer output raster cell sizes between 1 m to 10 m 
for flood delineation could further contribute to an increase in performance level of the model. Using a single 
floodplain and channel Manning’s n would be enough for the river, rather than using the various friction values 
for the floodplain. If the standard channel’s roughness would be used with the one-dimensional simulator, 
floodplain value should be about 0.08 to get maximum performance. Although roughness coefficients between 
0.05 to 0.06 could also provide good results. But this could only be guaranteed if used with the same 
parameters as utilised in this study, because boundary conditions, discharges and even the cross-section could 
affect the system’s performance.  
  
Although in this study, Telemac-2D simulation outputs had better percentage of overlap to the original flooding 
that occurred in 1977 than HEC-RAS, the tendency of over-estimation were bigger as shown in the results. 
Roughness values should also be used sparingly with the said program. The application for instance of the 
standard channel   based on SMHI could result to bigger over-predicted areas. Lower channel and floodplain 
frictions should be used instead with the model.   
 
The predicted and uncertainty maps produced following the GLUE methodology had also helped in identifying 
areas that were sensitive to the effects of the Manning’s values, and these were mostly located in the central 
portions of the floodplain, which were flat. As what was also exemplified with the rest of the calibrations, 
bigger differences in distance between the predicted and the observed flood extents were located in these 
flatter locations. This showed that the natural topographic characteristic of the floodplain could further add to 
model and parameter uncertainties. Thus, this region should be handled with caution in planning within the 
area. 
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Appendix A 

Nomenclature 

 
 

  area inundated in both model and observed data 
 

  area that is overestimated as flooded by the model 
 

  area that should be inundated based on the observed data, but is dry in the model 
 

   weighted-average goodness-of-fit-measure  
 

  distance 
 

   areal measure of fit / performance measure based on Eq. 3 
 

   areal measure of fit / performance measure based on Eq. 6 
 

       the minimum computed   among the Monte Carlo ensemble 
 

       the maximum computed   among the Monte Carlo ensemble 
 

  acceleration due to gravity 
 

  height 
 

  mean depth 
 

   likelihood weight  
 

  standard deviation 
 

  bed slope; inclination 
 

   pixel’s entropy value 
 

   shear velocity 
 

   eddy viscosity 
 

    cell’s status as being dry        or wet         
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Appendix B 

Summary of parameters for HEC-RAS calibration 

 
 

   
 Height model RH2000 
 Reference system RT 38 25 gon v 
   

 
Topographic data 

 
Bathymetry (from echo sound) 

 

 LiDAR  
 Lantmäteriet (50m resolution)  

 

 
Manning’s n 

 
All 

 
different Manning’s n based on land 
use 

 main channel 0.01 to 0.05 (GLUE range) 
 floodplain 0.02 to 0.10 (GLUE range) 

 

   
Discharge 1977 event 160 m

3
/s 

   

 
Hydraulic modelling 
(HEC-RAS) 

 
Reach Boundary Conditions 

 Upstream 

 Downstream 

 
Critical depth 
Known water surface:  
14.345 m – all other calibrations 
1.598 m a.s.l. - GLUE 

 Flow regime Mixed flow 
 Flow analysis Steady Flow 
   

 
Post-RAS 

 
Ouput cell size 

 
 1 m 
 5m 
10m 
20m 
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Appendix C 

Sample validation data used for Telemac-2D 

 
/------------------------------------------------------------------- 

/ TELEMAC2D Version v5p9 30-Apr-2011 

/ LidB_osk_20m_n001 

/------------------------------------------------------------------- 

/------------------------------------------------------------------- 

/ EQUATIONS 

/------------------------------------------------------------------- 

FRICTION COEFFICIENT   =0.01338102774 

LAW OF BOTTOM FRICTION =4 

VELOCITY DIFFUSIVITY   =0.16 

/------------------------------------------------------------------- 

/ EQUATIONS, BOUNDARY CONDITIONS 

/------------------------------------------------------------------- 

VELOCITY PROFILES            =1;1 

PRESCRIBED FLOWRATES         =0;160 

PRESCRIBED ELEVATIONS        =14.345;0 

OPTION FOR LIQUID BOUNDARIES =1;1 

/------------------------------------------------------------------- 

/ EQUATIONS, INITIAL CONDITIONS 

/------------------------------------------------------------------ 

INITIAL ELEVATION  =45.81 

INITIAL CONDITIONS ='CONSTANT ELEVATION' 

/------------------------------------------------------------------- 

/ INPUT-OUTPUT, FILES 

/------------------------------------------------------------------- 

GEOMETRY FILE            ='LidB_osk_20m.slf' 

STEERING FILE            ='cas' 

BOUNDARY CONDITIONS FILE ='cas.txt' 

RESULTS FILE             ='LidB_osk_20m_n001.res' 

/------------------------------------------------------------------- 

/ INPUT-OUTPUT, GRAPHICS AND LISTING 

/------------------------------------------------------------------- 

LISTING PRINTOUT PERIOD         =300 

VARIABLES FOR GRAPHIC PRINTOUTS ='H,U,B,V,S,F,Q,M,W' 

MASS-BALANCE                    =true 

GRAPHIC PRINTOUT PERIOD         =300 

/------------------------------------------------------------------- 

/ INPUT-OUTPUT, INFORMATION 

/------------------------------------------------------------------- 

TITLE ='LidB_osk_20m_n001' 

/------------------------------------------------------------------- 

/ NUMERICAL PARAMETERS 

/------------------------------------------------------------------- 

TREATMENT OF THE LINEAR SYSTEM =2 

MATRIX STORAGE                 =3 

DURATION                       =86400. 

/------------------------------------------------------------------- 

/ NUMERICAL PARAMETERS, SOLVER 

/------------------------------------------------------------------- 

SOLVER                                  =7 

SOLVER ACCURACY                         =1.E-2 

MAXIMUM NUMBER OF ITERATIONS FOR SOLVER =250 

SOLVER OPTION                           =3 

/------------------------------------------------------------------- 

/ NUMERICAL PARAMETERS, VELOCITY-CELERITY-HIGHT 

/------------------------------------------------------------------- 

MASS-LUMPING ON H        =1. 

MASS-LUMPING ON VELOCITY =1. 

/------------------------------------------------------------------- 
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Appendix D 

Channel and floodplain’s Manning sets calibrated for GLUE, with computed   and    values 

No. nFP nCH F2 F5 

 
No. nFP nCH F2 F5 

 
No. nFP nCH F2 F5 

1 0.020 0.023 0.583 0.401 
 

51 0.028 0.035 0.638 0.429 
 

101 0.035 0.027 0.624 0.420 

2 0.020 0.030 0.608 0.419 
 

52 0.028 0.021 0.593 0.401 
 

102 0.036 0.028 0.628 0.422 

3 0.021 0.023 0.585 0.401 
 

53 0.029 0.036 0.642 0.429 
 

103 0.036 0.014 0.589 0.388 

4 0.021 0.028 0.602 0.415 
 

54 0.029 0.038 0.645 0.427 
 

104 0.036 0.026 0.621 0.417 

5 0.021 0.047 0.652 0.426 
 

55 0.029 0.047 0.655 0.412 
 

105 0.036 0.031 0.637 0.424 

6 0.021 0.025 0.594 0.408 
 

56 0.029 0.047 0.655 0.411 
 

106 0.036 0.027 0.625 0.419 

7 0.021 0.011 0.557 0.371 
 

57 0.029 0.045 0.654 0.414 
 

107 0.036 0.014 0.589 0.388 

8 0.021 0.017 0.567 0.385 
 

58 0.029 0.043 0.653 0.421 
 

108 0.036 0.024 0.617 0.414 

9 0.021 0.034 0.624 0.428 
 

59 0.030 0.038 0.646 0.427 
 

109 0.036 0.017 0.595 0.394 

10 0.022 0.032 0.620 0.426 
 

60 0.030 0.036 0.643 0.428 
 

110 0.036 0.021 0.604 0.403 

11 0.022 0.045 0.650 0.428 
 

61 0.030 0.050 0.657 0.406 
 

111 0.037 0.042 0.654 0.408 

12 0.022 0.025 0.593 0.407 
 

62 0.030 0.026 0.615 0.417 
 

112 0.037 0.050 0.658 0.395 

13 0.022 0.010 0.561 0.372 
 

63 0.030 0.036 0.643 0.428 
 

113 0.037 0.040 0.651 0.411 

14 0.022 0.019 0.574 0.390 
 

64 0.030 0.022 0.600 0.404 
 

114 0.037 0.025 0.620 0.416 

15 0.022 0.021 0.582 0.397 
 

65 0.030 0.015 0.581 0.388 
 

115 0.037 0.046 0.657 0.400 

16 0.022 0.027 0.602 0.413 
 

66 0.030 0.028 0.620 0.421 
 

116 0.037 0.013 0.589 0.386 

17 0.022 0.041 0.644 0.431 
 

67 0.031 0.011 0.579 0.380 
 

117 0.037 0.011 0.590 0.385 

18 0.022 0.035 0.630 0.430 
 

68 0.031 0.034 0.639 0.428 
 

118 0.037 0.029 0.633 0.423 

19 0.023 0.015 0.566 0.381 
 

69 0.031 0.029 0.627 0.424 
 

119 0.037 0.038 0.649 0.413 

20 0.023 0.031 0.618 0.431 
 

70 0.031 0.047 0.656 0.408 
 

120 0.037 0.027 0.628 0.420 

21 0.023 0.048 0.654 0.423 
 

71 0.032 0.023 0.604 0.407 
 

121 0.038 0.017 0.595 0.393 

22 0.024 0.040 0.643 0.430 
 

72 0.032 0.045 0.654 0.411 
 

122 0.038 0.019 0.601 0.398 

23 0.024 0.040 0.643 0.430 
 

73 0.032 0.014 0.583 0.386 
 

123 0.038 0.031 0.639 0.423 

24 0.024 0.049 0.656 0.420 
 

74 0.033 0.022 0.605 0.407 
 

124 0.038 0.031 0.638 0.423 

25 0.024 0.034 0.629 0.429 
 

75 0.033 0.022 0.603 0.405 
 

125 0.038 0.025 0.623 0.417 

26 0.024 0.045 0.652 0.425 
 

76 0.033 0.026 0.618 0.417 
 

126 0.038 0.028 0.630 0.420 

27 0.024 0.014 0.567 0.380 
 

77 0.033 0.020 0.595 0.398 
 

127 0.038 0.032 0.642 0.423 

28 0.025 0.025 0.600 0.411 
 

78 0.033 0.018 0.592 0.394 
 

128 0.039 0.046 0.658 0.399 

29 0.025 0.049 0.654 0.416 
 

79 0.033 0.023 0.607 0.408 
 

129 0.039 0.012 0.591 0.386 

30 0.025 0.019 0.580 0.392 
 

80 0.033 0.030 0.630 0.424 
 

130 0.039 0.011 0.591 0.384 

31 0.025 0.010 0.568 0.376 
 

81 0.033 0.012 0.584 0.384 
 

131 0.039 0.039 0.652 0.409 

32 0.025 0.022 0.591 0.403 
 

82 0.033 0.038 0.647 0.417 
 

132 0.039 0.032 0.641 0.423 

33 0.025 0.023 0.592 0.404 
 

83 0.034 0.023 0.609 0.410 
 

133 0.040 0.043 0.656 0.403 

34 0.025 0.040 0.644 0.429 
 

84 0.034 0.022 0.604 0.406 
 

134 0.040 0.035 0.646 0.413 

35 0.025 0.027 0.608 0.416 
 

85 0.034 0.027 0.623 0.420 
 

135 0.040 0.032 0.644 0.422 

36 0.025 0.016 0.573 0.387 
 

86 0.034 0.045 0.656 0.408 
 

136 0.041 0.033 0.642 0.415 

37 0.025 0.029 0.617 0.422 
 

87 0.034 0.031 0.634 0.440 
 

137 0.041 0.028 0.634 0.420 

38 0.026 0.031 0.623 0.425 
 

88 0.034 0.025 0.615 0.415 
 

138 0.041 0.015 0.595 0.388 

39 0.027 0.016 0.576 0.387 
 

89 0.034 0.023 0.610 0.410 
 

139 0.041 0.030 0.639 0.422 

40 0.027 0.028 0.616 0.421 
 

90 0.034 0.025 0.616 0.415 
 

140 0.041 0.027 0.631 0.418 

41 0.027 0.015 0.574 0.384 
 

91 0.034 0.010 0.585 0.382 
 

141 0.042 0.028 0.634 0.419 

42 0.027 0.025 0.606 0.413 
 

92 0.034 0.036 0.645 0.418 
 

142 0.042 0.027 0.631 0.418 

43 0.027 0.038 0.642 0.427 
 

93 0.034 0.012 0.586 0.384 
 

143 0.042 0.011 0.594 0.385 

44 0.027 0.037 0.642 0.429 
 

94 0.035 0.038 0.647 0.416 
 

144 0.042 0.017 0.599 0.393 

45 0.027 0.043 0.650 0.419 
 

95 0.035 0.014 0.588 0.389 
 

145 0.042 0.025 0.626 0.415 

46 0.028 0.013 0.575 0.381 
 

96 0.035 0.028 0.627 0.421 
 

146 0.042 0.045 0.657 0.396 

47 0.028 0.048 0.655 0.412 
 

97 0.035 0.042 0.654 0.410 
 

147 0.042 0.018 0.603 0.396 

48 0.028 0.021 0.592 0.400 
 

98 0.035 0.021 0.603 0.403 
 

148 0.042 0.014 0.596 0.388 

49 0.028 0.048 0.655 0.412 
 

99 0.035 0.028 0.629 0.422 
 

149 0.043 0.039 0.653 0.406 

50 0.028 0.023 0.599 0.406 
 

100 0.035 0.016 0.589 0.388 
 

150 0.043 0.034 0.646 0.412 
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No. nFP nCH F2 F5 
 

No. nFP nCH F2 F5 
 

No. nFP nCH F2 F5 
151 0.043 0.026 0.630 0.417 

 
201 0.050 0.034 0.648 0.404 

 
251 0.060 0.045 0.655 0.372 

152 0.043 0.032 0.643 0.413 
 

202 0.051 0.029 0.643 0.414 
 

252 0.060 0.043 0.656 0.379 

153 0.043 0.039 0.653 0.406 
 

203 0.051 0.022 0.621 0.406 
 

253 0.060 0.012 0.605 0.383 

154 0.043 0.044 0.657 0.397 
 

204 0.051 0.035 0.650 0.402 
 

254 0.060 0.019 0.619 0.399 

155 0.043 0.032 0.644 0.420 
 

205 0.051 0.048 0.656 0.375 
 

255 0.060 0.027 0.642 0.408 

156 0.043 0.043 0.656 0.398 
 

206 0.052 0.043 0.657 0.387 
 

256 0.061 0.020 0.623 0.401 

157 0.043 0.022 0.615 0.406 
 

207 0.052 0.044 0.656 0.386 
 

257 0.061 0.010 0.604 0.380 

158 0.044 0.023 0.621 0.410 
 

208 0.052 0.046 0.657 0.381 
 

258 0.061 0.024 0.634 0.407 

159 0.044 0.035 0.647 0.410 
 

209 0.052 0.018 0.611 0.397 
 

259 0.061 0.029 0.642 0.399 

160 0.044 0.046 0.657 0.390 
 

210 0.052 0.032 0.645 0.405 
 

260 0.061 0.028 0.640 0.400 

161 0.044 0.023 0.621 0.410 
 

211 0.052 0.013 0.602 0.385 
 

261 0.062 0.032 0.646 0.397 

162 0.044 0.041 0.655 0.399 
 

212 0.052 0.048 0.656 0.376 
 

262 0.062 0.019 0.619 0.398 

163 0.044 0.029 0.638 0.418 
 

213 0.052 0.038 0.654 0.396 
 

263 0.062 0.047 0.654 0.366 

164 0.044 0.027 0.632 0.416 
 

214 0.052 0.044 0.656 0.385 
 

264 0.062 0.018 0.618 0.397 

165 0.045 0.044 0.657 0.394 
 

215 0.053 0.025 0.632 0.410 
 

265 0.063 0.012 0.607 0.383 

166 0.045 0.023 0.621 0.410 
 

216 0.053 0.021 0.620 0.404 
 

266 0.063 0.016 0.613 0.391 

167 0.045 0.018 0.606 0.397 
 

217 0.053 0.037 0.653 0.397 
 

267 0.063 0.048 0.653 0.361 

168 0.045 0.012 0.597 0.387 
 

218 0.053 0.044 0.657 0.384 
 

268 0.063 0.019 0.621 0.398 

169 0.045 0.029 0.638 0.418 
 

219 0.054 0.011 0.604 0.387 
 

269 0.063 0.042 0.656 0.379 

170 0.045 0.024 0.624 0.411 
 

220 0.054 0.043 0.656 0.384 
 

270 0.064 0.032 0.648 0.395 

171 0.045 0.025 0.627 0.413 
 

221 0.054 0.010 0.603 0.385 
 

271 0.064 0.041 0.655 0.380 

172 0.045 0.013 0.598 0.388 
 

222 0.054 0.034 0.649 0.401 
 

272 0.064 0.028 0.640 0.398 

173 0.046 0.039 0.654 0.402 
 

223 0.054 0.025 0.632 0.409 
 

273 0.064 0.041 0.655 0.351 

174 0.046 0.032 0.642 0.410 
 

224 0.055 0.040 0.655 0.390 
 

274 0.064 0.026 0.639 0.406 

175 0.046 0.028 0.637 0.418 
 

225 0.055 0.046 0.656 0.378 
 

275 0.064 0.011 0.606 0.381 

176 0.046 0.012 0.598 0.386 
 

226 0.055 0.019 0.617 0.400 
 

276 0.064 0.022 0.628 0.402 

177 0.046 0.045 0.657 0.390 
 

227 0.056 0.029 0.643 0.411 
 

277 0.064 0.018 0.618 0.396 

178 0.046 0.039 0.654 0.400 
 

228 0.056 0.020 0.620 0.402 
 

278 0.064 0.046 0.654 0.366 

179 0.046 0.031 0.644 0.417 
 

229 0.056 0.044 0.656 0.381 
 

279 0.065 0.012 0.608 0.384 

180 0.046 0.028 0.637 0.417 
 

230 0.056 0.045 0.656 0.378 
 

280 0.065 0.014 0.611 0.387 

181 0.047 0.049 0.657 0.381 
 

231 0.056 0.012 0.604 0.384 
 

281 0.065 0.024 0.635 0.405 

182 0.047 0.030 0.642 0.418 
 

232 0.056 0.016 0.610 0.392 
 

282 0.065 0.043 0.655 0.372 

183 0.047 0.013 0.599 0.389 
 

233 0.056 0.041 0.655 0.387 
 

283 0.065 0.038 0.654 0.383 

184 0.047 0.031 0.642 0.409 
 

234 0.056 0.035 0.651 0.397 
 

284 0.065 0.048 0.652 0.359 

185 0.048 0.048 0.657 0.383 
 

235 0.057 0.034 0.649 0.399 
 

285 0.065 0.033 0.649 0.394 

186 0.048 0.013 0.600 0.389 
 

236 0.057 0.011 0.604 0.383 
 

286 0.065 0.024 0.635 0.405 

187 0.048 0.035 0.648 0.406 
 

237 0.057 0.021 0.622 0.402 
 

287 0.065 0.014 0.611 0.387 

188 0.048 0.041 0.655 0.397 
 

238 0.057 0.030 0.643 0.402 
 

288 0.065 0.017 0.617 0.394 

189 0.049 0.023 0.623 0.408 
 

239 0.057 0.042 0.656 0.383 
 

289 0.066 0.022 0.630 0.402 

190 0.049 0.030 0.643 0.416 
 

240 0.058 0.027 0.639 0.409 
 

290 0.066 0.014 0.611 0.387 

191 0.049 0.041 0.656 0.395 
 

241 0.058 0.045 0.656 0.376 
 

291 0.066 0.046 0.653 0.363 

192 0.049 0.031 0.641 0.408 
 

242 0.058 0.045 0.656 0.375 
 

292 0.066 0.024 0.636 0.404 

193 0.049 0.014 0.601 0.388 
 

243 0.058 0.047 0.655 0.370 
 

293 0.067 0.010 0.607 0.380 

194 0.049 0.040 0.655 0.397 
 

244 0.058 0.042 0.656 0.382 
 

294 0.067 0.046 0.653 0.363 

195 0.049 0.013 0.602 0.389 
 

245 0.058 0.040 0.655 0.386 
 

295 0.067 0.018 0.620 0.396 

196 0.049 0.027 0.637 0.415 
 

246 0.058 0.014 0.607 0.387 
 

296 0.067 0.031 0.646 0.393 

197 0.049 0.042 0.656 0.392 
 

247 0.058 0.013 0.606 0.385 
 

297 0.067 0.036 0.652 0.386 

198 0.050 0.024 0.628 0.411 
 

248 0.059 0.032 0.647 0.398 
 

298 0.068 0.024 0.635 0.403 

199 0.050 0.015 0.603 0.390 
 

249 0.060 0.047 0.654 0.367 
 

299 0.068 0.032 0.648 0.392 

200 0.050 0.029 0.641 0.414 
 

250 0.060 0.033 0.649 0.397 
 

300 0.068 0.033 0.650 0.390 
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No. nFP nCH F2 F5 

 
No. nFP nCH F2 F5 

 
No. nFP nCH F2 F5 

301 0.068 0.043 0.654 0.370 
 

351 0.077 0.014 0.614 0.386 
 

401 0.084 0.019 0.627 0.393 

302 0.068 0.033 0.649 0.391 
 

352 0.077 0.046 0.651 0.353 
 

402 0.084 0.026 0.642 0.395 

303 0.068 0.037 0.653 0.381 
 

353 0.077 0.011 0.610 0.380 
 

403 0.085 0.021 0.633 0.396 

304 0.069 0.033 0.649 0.391 
 

354 0.077 0.047 0.650 0.348 
 

404 0.085 0.024 0.638 0.396 

305 0.069 0.047 0.652 0.355 
 

355 0.077 0.043 0.652 0.359 
 

405 0.085 0.026 0.642 0.395 

306 0.069 0.050 0.650 0.349 
 

356 0.077 0.035 0.652 0.378 
 

406 0.085 0.028 0.644 0.386 

307 0.069 0.043 0.654 0.370 
 

357 0.077 0.013 0.612 0.382 
 

407 0.085 0.040 0.651 0.360 

308 0.069 0.049 0.650 0.350 
 

358 0.078 0.016 0.619 0.390 
 

408 0.085 0.042 0.650 0.354 

309 0.069 0.034 0.651 0.387 
 

359 0.078 0.015 0.616 0.387 
 

409 0.085 0.011 0.611 0.377 

310 0.069 0.027 0.640 0.395 
 

360 0.078 0.030 0.647 0.387 
 

410 0.085 0.020 0.631 0.395 

311 0.069 0.040 0.654 0.376 
 

361 0.078 0.013 0.612 0.382 
 

411 0.086 0.030 0.647 0.384 

312 0.069 0.018 0.621 0.395 
 

362 0.078 0.019 0.626 0.395 
 

412 0.086 0.049 0.645 0.331 

313 0.070 0.045 0.653 0.361 
 

363 0.079 0.048 0.648 0.344 
 

413 0.086 0.026 0.640 0.388 

314 0.070 0.032 0.649 0.391 
 

364 0.079 0.046 0.650 0.350 
 

414 0.086 0.049 0.645 0.333 

315 0.070 0.027 0.642 0.402 
 

365 0.079 0.049 0.647 0.340 
 

415 0.086 0.028 0.644 0.385 

316 0.070 0.027 0.640 0.395 
 

366 0.079 0.016 0.619 0.389 
 

416 0.086 0.016 0.621 0.389 

317 0.070 0.031 0.647 0.391 
 

367 0.079 0.042 0.652 0.362 
 

417 0.087 0.030 0.647 0.384 

318 0.071 0.015 0.613 0.388 
 

368 0.079 0.019 0.626 0.395 
 

418 0.087 0.048 0.646 0.336 

319 0.071 0.046 0.652 0.358 
 

369 0.080 0.016 0.618 0.388 
 

419 0.087 0.041 0.651 0.357 

320 0.071 0.039 0.654 0.376 
 

370 0.080 0.046 0.650 0.349 
 

420 0.087 0.027 0.642 0.387 

321 0.071 0.026 0.642 0.402 
 

371 0.080 0.023 0.637 0.399 
 

421 0.087 0.034 0.651 0.374 

322 0.071 0.046 0.652 0.358 
 

372 0.080 0.017 0.620 0.390 
 

422 0.087 0.022 0.636 0.396 

323 0.072 0.026 0.642 0.402 
 

373 0.080 0.022 0.633 0.397 
 

423 0.087 0.030 0.647 0.382 

324 0.072 0.045 0.652 0.360 
 

374 0.080 0.013 0.613 0.383 
 

424 0.087 0.023 0.638 0.396 

325 0.072 0.032 0.649 0.388 
 

375 0.080 0.025 0.640 0.398 
 

425 0.088 0.024 0.640 0.395 

326 0.072 0.030 0.645 0.391 
 

376 0.080 0.034 0.651 0.379 
 

426 0.088 0.044 0.649 0.346 

327 0.073 0.034 0.651 0.384 
 

377 0.081 0.027 0.641 0.390 
 

427 0.088 0.035 0.651 0.372 

328 0.073 0.017 0.619 0.393 
 

378 0.081 0.011 0.610 0.377 
 

428 0.088 0.043 0.649 0.349 

329 0.073 0.032 0.648 0.387 
 

379 0.081 0.029 0.644 0.387 
 

429 0.089 0.011 0.611 0.376 

330 0.073 0.032 0.648 0.387 
 

380 0.081 0.029 0.645 0.387 
 

430 0.089 0.016 0.621 0.388 

331 0.073 0.046 0.652 0.356 
 

381 0.081 0.043 0.651 0.355 
 

431 0.089 0.038 0.651 0.362 

332 0.073 0.034 0.651 0.384 
 

382 0.081 0.043 0.651 0.355 
 

432 0.089 0.031 0.648 0.379 

333 0.073 0.019 0.626 0.397 
 

383 0.082 0.026 0.643 0.396 
 

433 0.090 0.039 0.651 0.359 

334 0.074 0.027 0.640 0.393 
 

384 0.082 0.036 0.652 0.372 
 

434 0.090 0.047 0.646 0.337 

335 0.074 0.041 0.653 0.367 
 

385 0.082 0.027 0.641 0.390 
 

435 0.090 0.050 0.642 0.325 

336 0.074 0.045 0.652 0.358 
 

386 0.082 0.016 0.619 0.388 
 

436 0.090 0.027 0.643 0.385 

337 0.074 0.042 0.653 0.365 
 

387 0.082 0.032 0.650 0.381 
 

437 0.090 0.041 0.650 0.353 

338 0.074 0.048 0.650 0.349 
 

388 0.082 0.040 0.652 0.364 
 

438 0.090 0.045 0.648 0.342 

339 0.074 0.025 0.640 0.401 
 

389 0.083 0.015 0.616 0.385 
 

439 0.090 0.029 0.645 0.383 

340 0.075 0.032 0.648 0.387 
 

390 0.083 0.043 0.651 0.354 
 

440 0.090 0.013 0.614 0.380 

341 0.075 0.050 0.648 0.341 
 

391 0.083 0.032 0.649 0.381 
 

441 0.091 0.018 0.625 0.390 

342 0.076 0.025 0.638 0.400 
 

392 0.083 0.012 0.611 0.379 
 

442 0.091 0.014 0.616 0.382 

343 0.076 0.017 0.620 0.392 
 

393 0.083 0.020 0.629 0.395 
 

443 0.092 0.043 0.649 0.346 

344 0.076 0.018 0.622 0.393 
 

394 0.083 0.047 0.648 0.341 
 

444 0.092 0.042 0.649 0.350 

345 0.076 0.026 0.642 0.399 
 

395 0.083 0.014 0.615 0.383 
 

445 0.092 0.042 0.649 0.349 

346 0.076 0.023 0.635 0.400 
 

396 0.084 0.045 0.649 0.347 
 

446 0.092 0.031 0.648 0.378 

347 0.076 0.016 0.618 0.390 
 

397 0.084 0.048 0.646 0.337 
 

447 0.093 0.030 0.647 0.381 

348 0.076 0.031 0.648 0.387 
 

398 0.084 0.033 0.650 0.378 
 

448 0.093 0.023 0.637 0.394 

349 0.076 0.031 0.647 0.388 
 

399 0.084 0.046 0.649 0.345 
 

449 0.093 0.024 0.641 0.392 

350 0.076 0.028 0.643 0.391 
 

400 0.084 0.050 0.645 0.332 
 

450 0.093 0.050 0.641 0.322 
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No. nFP nCH F2 F5 

451 0.093 0.026 0.642 0.385 

452 0.093 0.046 0.646 0.335 

453 0.093 0.025 0.642 0.392 

454 0.093 0.034 0.650 0.370 

455 0.093 0.010 0.611 0.373 

456 0.093 0.010 0.611 0.373 

457 0.094 0.025 0.642 0.392 

458 0.094 0.031 0.648 0.377 

459 0.094 0.027 0.642 0.384 

460 0.094 0.034 0.650 0.368 

461 0.094 0.024 0.641 0.392 

462 0.094 0.049 0.642 0.323 

463 0.094 0.040 0.650 0.354 

464 0.095 0.045 0.646 0.337 

465 0.095 0.034 0.650 0.370 

466 0.095 0.028 0.645 0.382 

467 0.095 0.021 0.633 0.392 

468 0.095 0.020 0.631 0.392 

469 0.095 0.044 0.648 0.342 

470 0.095 0.036 0.651 0.364 

471 0.095 0.049 0.642 0.325 

472 0.096 0.015 0.620 0.385 

473 0.096 0.038 0.650 0.357 

474 0.096 0.028 0.646 0.381 

475 0.096 0.026 0.641 0.385 

476 0.097 0.015 0.621 0.385 

477 0.097 0.023 0.639 0.392 

478 0.097 0.015 0.618 0.382 

479 0.097 0.036 0.651 0.362 

480 0.097 0.036 0.651 0.362 

481 0.098 0.016 0.623 0.386 

482 0.098 0.024 0.640 0.392 

483 0.098 0.047 0.643 0.327 

484 0.098 0.030 0.647 0.378 

485 0.098 0.034 0.650 0.366 

486 0.098 0.049 0.640 0.319 

487 0.098 0.017 0.624 0.387 

488 0.098 0.027 0.643 0.382 

489 0.098 0.034 0.650 0.366 

490 0.099 0.030 0.641 0.364 

491 0.099 0.023 0.638 0.392 

492 0.099 0.032 0.649 0.372 

493 0.099 0.012 0.613 0.375 

494 0.099 0.012 0.614 0.376 

495 0.099 0.018 0.628 0.389 

496 0.099 0.028 0.644 0.380 

497 0.099 0.025 0.642 0.391 

498 0.099 0.016 0.622 0.385 

499 0.100 0.036 0.651 0.361 

500 0.100 0.016 0.623 0.385 
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Appendix E 

Channel and floodplain’s Manning sets ran with Telemac-2D, with computed   and    

 

Simulation no. nFP nCH F2 F5 

001 0.013 0.019 0.589 0.218 

002 0.027 0.011 0.588 0.209 

003 0.030 0.017 0.584 0.198 

004 0.038 0.024 0.577 0.178 

005 0.040 0.008 0.585 0.199 

006 0.040 0.035 0.569 0.155 

007 0.042 0.034 0.569 0.155 

008 0.053 0.029 0.568 0.152 

009 0.061 0.036 0.555 0.123 

010 0.074 0.012 0.569 0.158 

 

 

 

 

 

 

 

 

 

 



 
 
 

Appendix F 

HEC-RAS inundation results for output cell sizes 

 



 
 
 

Appendix G 
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Appendix H 
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Appendix I 
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Appendix J 
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Appendix K 

Extents’ responses to slope for different calibration data in HEC-RAS 

 

 

 

 

 

 



49 
 

Appendix L 

Extents’ response to slope for different calibration data in Telemac-2D 
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