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Abstract 

 

Floods account for 40% of all natural hazards worldwide. In terms of inundated area, the largest floods 

in Portugal occur in the Lower Tagus River, causing important socioeconomical impacts. This thesis 

focus on the calibration of 2D-horizontal flood simulation models for the floods of 2001 and 2006 on a 

70-km stretch of the LT River, using the software Tuflow. This software provides 2D solutions based 

on the Stelling finite-difference that solves the full 2D free SWE. 

The models were based on a DTM acquired in 2008 by radar techniques and on in situ 

measurements of water elevation in Omnias (downstream boundary condition) and discharge in 

Tramagal and Zezere (upstream boundary conditions). Five dykes were introduced in the model. 

Steady-state flow initial conditions were guaranteed. Land cover data was retrieved from CLC 2006 

and combined with Manning coefficients from the literature. 

Flood extent maps, derived from satellite-born SAR provided the spatially distributed data for 

the calibration of the models. The flood extent maps obtained for each simulation were then compared 

with the flood extent maps derived from SAR imagery for each flood and the roughness coefficients 

changed accordingly. The combination of the calibration results provided the Manning coefficient 

values for the CLC 2006 classes of the study area. An application of these values was made for the 

largest flood of the 20
th
 century (February 1979), for which no SAR imagery was available. The model 

was then validated in terms of flood stage marks distributed throughout the floodplain. 
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Resumo 

 

As cheias constituem 40% de todos os desastres naturais mundiais. Nos últimos cem anos têm sido o 

fenómeno natural mais mortífero em Portugal, sendo o Baixo Tejo o local onde ocorrem as maiores 

cheias em termos de área inundada. Este artigo centra-se na calibração de modelos 2D de simulação 

de cheias para eventos de 2001 e 2006, num troço de 70 km do Rio Tejo, recorrendo ao modelo 

numérico Tuflow, que resolve as equações bidimensionais de superfície livre em águas pouco 

profundas. 

Os modelos de inundação foram baseados num modelo digital de terreno adquirido em 2008 

por técnicas de radar, em medições in situ de nível de água em Ómnias (condição-fronteira a jusante) 

e no caudal em Tramagal e Zêzere (condições-fronteira a montante). Cinco diques foram introduzidos 

nos modelos. Um estado estacionário inicial foi garantido. Utilizaram-se classes de ocupação do solo 

CORINE Land Cover 2006, combinadas com coeficientes de rugosidade obtidos na literatura. 

Mapas de inundação obtidos a partir de imagens de radar de abertura sintética permitiram a 

calibração dos modelos para as diversas cheias. Estes mapas foram comparados com os mapas de 

inundação simulados e os coeficientes de rugosidade foram alterados em conformidade. Obtiveram-

se, assim, mapas de coeficientes de rugosidade. Com estes mapas foi efetuada uma simulação para 

a maior cheia do século XX (fevereiro de 1979), para a qual não existe imagem SAR; neste caso, a 

validação do modelo foi feita usando os valores de nível de água nas marcas de cheia distribuídas 

pela planície de inundação.  
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1. Introduction 

1.1. Motivation 

 

Nowadays floods account for more than 40% of all natural hazards worldwide and half of the deaths 

caused by natural catastrophes (Di Baldassarre et al 2011). For example, on the last decade of the 

20
th
 century, floods alone where responsible for the loss of about 100 thousands human lives and 

affected more than 1,4 billion people. On the last decades, urbanization, over-populated floodplain 

areas and land-use change, increased the probability of occurrence of floods and the potential 

increase of their socioeconomical impacts. This lead to the development of complex hydraulic models 

for the study, monitoring and forecasting of flood events, essential to define cost and time effective 

measures to counteract the floods devastating effects. With the latest developments on the remote 

sensing area of Synthetic-Aperture Radar systems, which, unlike optical sensor systems are able to 

acquire data from the surface of the Earth and therefore maps of flood extents in day/night and in all 

weather conditions, a new path on flood study and prediction emerged. The numerical hydraulic 

models can now be calibrated and validated using SAR imagery data.  

Floods have been the deadliest natural disasters in Portugal in the last 100 years. In terms of 

inundated area, the largest floods in Portugal occur in the Lower Tagus River with records of historical 

flood events dating back to the 16
th
 century, the reason why major river channels were artificially 

displaced in the past and dozens of dykes built (Azevêdo et al 2004). On average, the river overflows 

the floodplain every 2.5 years, at times blocking roads and causing important agricultural damages 

and subsequent economic impacts (Araújo, Pestana, Matias, Roque, Trigo-Teixeira and Heleno 2013; 

Pestana, Matias, Canelas, Araújo, Roque, Van Zeller, Trigo-Teixeira, Ferreira, Oliveira and Heleno 

2013). This study focus on the calibration
1
 of the 2D-horizontal flood simulation model Tuflow for the 

floods of January of 2001 and November of 2006 on a 70-km stretch of the Lower Tagus River on the 

Santarém region between the localities of Tramagal, upriver, and Ómnias, downriver. Flood extent 

maps, previously derived from ERS-2 SAR and ENVISAT-1 ASAR imagery were compared with the 

flood extent maps obtained for each simulation in order to calibrate roughness Manning coefficients 

(n). The combination of the calibration results provided the Manning coefficient values for the CLC 

2006 classes of the study area.  As there were no SAR sensors operating in that area at the time, the 

measured stage data both in the observation gauge station (Almourol) and on flood stage marks 

distributed throughout the floodplain where successfully compared with the simulation obtained 

values.  

                                                      
1
 One opted for the use of the term calibration on this thesis as it is the term used on the hydrodynamic simulation 

research field to refer to the fitting of the model parameters, such as roughness coefficients, hydrologic data, river 
and floodplain geometry and water viscosity, so that the model reproduces the observed data with an acceptable 
accuracy. Here the term calibration is related with the uncertainty derived from the quality of the available data, 
from the theoretical limitations of the description of the phenomenon and from the limitations of the numerical 
solving of floods. Calibration on this context should not be mistaken with the calibration of measurement 
instruments, for example.  
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This study constitutes the first time that, for a Portuguese river, a hydraulic numerical model is 

calibrated and validated using SAR imagery. This fact, together with the possible negative impacts and 

frequency of the floods on the LT River and together with the fact that roughness coefficients were 

unknown for this region, constitute the motivations for this research. Note that this research constitutes 

a step on the process of elaborating inundation risk maps for the Tagus River basin. The elaboration of 

these maps is out of the scope of the present study. In fact, part of these results have already been 

given to the Portuguese Environmental Agency (APA) on the scope of the implementation of the 

European Directive 2007/60/EC of 23 of October of 2007 for the elaboration of inundation risk maps 

and for the evaluation and management of flood risk for the most important Portuguese watersheds. 

 The thesis is divided into four Chapters: 1) Introduction, where the motivation and context of 

this research as well as context and theory behind SAR and hydraulic modelling are presented; 2) 

Data and Methodology, where the study domain characteristics, the data used on this study and the 

methodology applied are shown; 3) Results and Discussion of the calibration of the roughness 

coefficients and the application to the 1979 flood; 4) Conclusions, namely the contributions to science 

of the current research and suggestions for future work. 

 

1.2. Synthetic-Aperture Radar  

 

Aircraft-based imaging Radio Detection and Ranging (RADAR) systems to study natural phenomena 

exist since the 1960s, following World War II need to detect position and track of enemy aircrafts and 

to aid navigation during bad weather (Aronoff 2005). Nevertheless this technology cannot provide a 

wide area global coverage and temporal perspective. Furthermore, by being Real Aperture Radar 

(RAR) systems, that is, systems where the azimuth resolution is controlled by the physical size of the 

antenna, their resolution is low (in the order of 35m for flights with an altitude of 3000m)
2
.  

In RAR systems, a narrow beam of energy is directed perpendicularly to the flight path of the 

radar carrier, or the azimuth direction
3
. A pulse of energy is transmitted from the radar antenna, and 

the relative intensity of the reflections is used to produce an image of a narrow strip of terrain (See 

Figure 1.1). When the next pulse is transmitted, the radar will have moved forward a small distance 

and a slightly different strip of terrain will be imaged. So, in Figure 1.1, the objects 1 and 2 will be 

illuminated by the first pulse and detected simultaneously, while object 3 will only be illuminated and its 

echo received when the radar moves forward. At this time, the objects 1 and 2 will no longer be 

illuminated.  

                                                      
2
 In this context aperture is the opening used to collect the energy used to form an image. For radar imaging it is 

the antenna. 
3
 The azimuth direction is the direction parallel to the motion vector of the radar sensor. 
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The azimuth resolution describes the ability of an imaging radar to separate two closely 

spaced scatterers in the azimuth direction. Two objects in the azimuth direction on a RAR system can 

only be separated if the distance between them is larger than the radar beamwidth
4
.  

For these systems, for a given wavelength λ of an emitted wave, the azimuth beamwidth b 

depends on the physical length La of the antenna in the horizontal direction: 

 

b = λ / La          (1.1) 

 

The real aperture azimuth resolution is given by: 

 

raz = R x b          (1.2) 

 

where R is the slant range. 

 

Therefore, for a beamwidth of 10 milliradians and a wavelength of 50 millimeters, the antenna should 

be 5 metres long. For a slant range of 700 kilometers, the azimuth resolution raz will be 7 kilometers. 

In sum, for RAR systems, the azimuth resolution can only be improved by decreasing the wavelength 

or by increasing the size of the antenna. Shorter wavelengths reduce the all-weather capability of 

these radars, as they lead to higher cloud and atmospheric attenuation
5
. 

 

 

Figure 1.1: A Real Aperture Radar system. 1, 2 and 3 are objects. Adapted from ESA (2014). 

                                                      
4
 For all radars, the beamwidth is defined as the angular range of the antenna pattern in which at least half of the 

maximum power is still emitted. 
5
 Absorption of electromagnetic waves on the microwave spectrum by gaseous water in the atmosphere is high 

for wavelengths of the order of 1 cm. See Figure 1.5 bellow. 
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The first civilian Synthetic-Aperture Radar (SAR) satellite was then launched in June of 1978. 

Since then, Europe, Canada, the United States, Japan and Russia have placed in orbit satellites with 

SAR sensors for research and monitoring of sea and land surfaces.  

Radar imaging systems are active systems in which an antenna located on an aircraft or a 

satellite emits short pulses of microwave energy that illuminate the surface of the earth and record the 

elapsed time and amplitude of the return signals or echoes (see Figure 1.2). This data is then 

processed in order to obtain an image of the surface of the earth. 

 

Figure 1.2: Electromagnetic spectrum with the indication of the wavelengths of the radar bandwidths. 

Adapted from ESA (2007). 

 

Radar imaging systems have several advantages on applications such as flood extent 

determination, when compared with passive optical imaging systems, which require illumination from 

the Sun to acquire data. First, in radar systems data acquisition can be made both during day and 

night time. Secondly, microwaves are less responsive to the boundaries between air and the water 

droplets of the clouds, so radar systems are able to “see through clouds” with solely slight distortions 

on the images (see Table 1.1). This is a particular interesting feature in the present study as in periods 

of floods the weather is usually cloudy. For some more information on the interaction of 

electromagnetic waves with the Earth’s atmosphere see Appendix A. 

Nevertheless it is important to refer that optical systems are more suitable than SAR systems for 

applications such as topography, terrain analysis and geology, identification of cultural features, 
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follow-up and monitoring of deforestation, desertification and coastal zones, vegetation discrimination 

and vigor assessment, discrimination of snow and ice, determination of thermal features, assessment 

of in-water properties, sediment and chlorophyll concentrations, and bathymetry in shallow waters, for 

example (Aronoff 2005). The choice of the adequate optical sensor and spectrum depends on the 

specific requirements of a project including the study area size. Multi or hyperspectral detectors on 

space or airborne platforms may be used. 

 

 Optical Multi-Spectral SAR 

Platform airborne/spaceborne airborne/spaceborne 

Radiation reflected sunlight own radiation 

Spectrum visible/infrared Microwave 

Frequency multi-frequency multi-frequency 

Polarimetry N.A. polarimetric phase 

Interferometry N.A. interferometric phase 

Acquisition time day time day/night 

Weather blocked by clouds see through clouds 

 

Table 1.1: Optical multi-spectral versus SAR Earth Observation instruments. Adapted from ESA 

(2008). 

 

A Synthetic-Aperture Radar (SAR) system is a coherent active radar system that generates high-

resolution remote sensing imagery (Moreira et al 2013)
6
. It records the magnitude, elapsed time and 

phase of the received signals while emitting successive pulses during the satellite’s trajectory along 

the azimuth direction. A synthetic aperture is produced by signal processing which has the effect of 

synthetically lengthening the antenna on the azimuth direction (see Figure 1.3). During the trajectory 

of the antenna the target T is illuminated by a number of successive beams. Due to the movement of 

the antenna relatively to the target a Doppler effect also occurs. The frequency of the echoes 

decreases on the backward look antenna-target relative position and increases on the forward look 

situation (see Figure 1.4).  

 

 

                                                      
6
 It is a coherent system in the sense that it always emits waves with the same phase. For this study the 

difference of phase between the emitted and received signals will not be pertinent and will not be further 
discussed. Phase difference information is used on SAR interferometry studies to research, for example, 
deformations over time of the surface of the earth (Heleno 2008; Burgmann et al 2000).  
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Figure 1.3: Illustration of the synthetic aperture. Due to SAR complex signal processing a moving 
small antenna is made equivalent to a long fixed antenna. The azimuth direction is the direction of the 
satellite’s trajectory. The range direction is the direction perpendicular to the azimuth direction on the 

horizontal plane. Adapted from CNES (2008). 

 

 

Figure 1.4: The Doppler effect. Taken from CNES (2008). 

 

In fact, in classical physics, according to the Doppler Effect, when the velocities of the source 

and the target relative to the medium are lower than the velocity of the emitted electromagnetic waves 

in the medium, the relationship between the observer frequency fO and the emitted frequency fS is 

given by (Paul 1997): 

         𝑓0 = [
1−(𝑣 𝑐⁄ )

1+(𝑣 𝑐⁄ )
]

1 2⁄

𝑓𝑠       (1.9) 

 

  𝑓0 = [
1+(𝑣 𝑐⁄ )

1−(𝑣 𝑐⁄ )
]

1 2⁄

𝑓𝑠     (1.10) 

 

where c is the velocity of light and the velocity v is always positive. Case of equation 1.9 occurs when 

the source recedes from the observer or target at velocity v, and case of equation 1.10 when the 
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source approaches the target. So, if the source approaches the target, the frequency increases, if the 

source recedes from the target, the frequency decreases. 

Considering Figure 1.5, to calculate the R-directional component of vrel (the velocity with which 

the target approaches the sensor), one projects vrel (parallel to x) onto a line parallel to R:  

 𝑣 = 𝑣𝑟𝑒𝑙 cos (
𝜋

2
− 𝜃) = 𝑣𝑟𝑒𝑙 sin 𝜃 =  𝑣𝑟𝑒𝑙

𝑥

𝑅
     (1.11) 

 

 

Figure 1.5: SAR geometry for calculating the Doppler frequency shift for a point target (Paul 1997). 

 

The frequency observed by the ground target is:  

      𝑓0 = [
1+(𝑣 𝑐⁄ )

1−(𝑣 𝑐⁄ )
]

1 2⁄

𝑓𝑠 = [
1+(𝑣 𝑐⁄ )

1−(𝑣 𝑐⁄ )
]

1 2⁄

[
1+(𝑣 𝑐⁄ )

1+(𝑣 𝑐⁄ )
]

1 2⁄

𝑓𝑠 = [
(1+𝑣 𝑐⁄ )2

1−𝑣2 𝑐2⁄
]

1 2⁄

𝑓𝑠      (1.12) 

For v << c, v
2
 / c

2
 approaches 0. Therefore:  

      𝑓0 = (1 +
𝑣

𝑐
) 𝑓𝑠     (1.13) 
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The frequency received by the target is different from the actual frequency emitted from the antenna 

by the amount: 

  𝑓0 − 𝑓𝑠 = (1 +
𝑣

𝑐
) 𝑓𝑠 − 𝑓𝑠 =

𝑣

𝑐
𝑓𝑠         (1.14) 

 

Taking into account that the return echo will be shifted by the same amount, the Doppler frequency 
shift for the target is:  

𝑓𝑑 =
2𝑣

𝑐
𝑓𝑠 =

2𝑣𝑟𝑒𝑙 sin 𝜃

𝑐
∙

𝑐

𝜆
=

2𝑣𝑟𝑒𝑙𝑥

𝜆𝑅
           (1.15) 

 

where R is the slant-range: 

R = t c / 2     (1.16) 

The azimuth resolution can then be calculated as:  

 

𝛿𝑥 = (
𝜆𝑅

2𝑣𝑟𝑒𝑙
) 𝛿𝑓𝑑             (1.17) 

Where 𝛿𝑓𝑑 is the resolution of the Doppler frequency shift, approximately equal to the inverse of the 

time during which the point target was in the beam, 𝛿𝑓𝑑  ≈ 1 / tspan. Take into account that this is an 

approximation, since the Doppler frequency shift is not constant during the entire time tspan. In fact, 

𝛿𝑓𝑑 changes throughout the observation and is only approximately constant for a time much less than 

tspan. Considering La the length of the antenna, the time span is given by:  

𝑡𝑠𝑝𝑎𝑛 =
𝑎𝑟𝑐 𝑙𝑒𝑛𝑔𝑡ℎ

𝑣𝑟𝑒𝑙
=

𝑅𝜃𝐻

𝑣𝑟𝑒𝑙
=

𝑅𝜆

𝐿𝑎𝑣𝑟𝑒𝑙
        (1.18) 

Therefore the azimuth resolution is: 

      𝛿𝑥 = (
𝜆𝑅

2𝑣𝑟𝑒𝑙
) (

𝐿𝑎𝑣𝑟𝑒𝑙

𝑅𝜆
) =

𝐿𝑎

2
         (1.19) 

So, the smaller the antenna, the better is the azimuth resolution for a SAR system, the opposite that 

happens with RAR system as seen above (Moreira et al 2013). It is important to refer that the antenna 

aperture should be large enough to create the desired beam at the desired frequency: θH = 1 / fs La. 

Due to a SAR focusing process there is the removal and compensation of the path differences 

from the antenna to the target and the resulting lengthening focused synthetic aperture allows the 
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increase of the array of signals that can be processed to produce a 2D image of a certain target area. 

In SAR systems the azimuth resolution is approximately half the length of the antenna and does not 

depend on the satellite’s altitude. Pulse compression techniques are applied on the range direction 

and therefore the image resolution is increased on this direction. 

The satellites used on this study – ERS-2 and ENVISAT-1 – orbited about 900km above the 

Earth so the area on the ground covered by a single transmitted pulse (called the footprint, equivalent 

to S
azi

 on Figure 1.3) was around 5km long in the along-track direction, which would result on an 

azimuth resolution of 5m, as: 

 

S
azi

 =  R θ = R λ / La                    (1.20) 

  

The characteristics of the ERS-2 and ENVISAT-1 SAR sensors are presented on the following 

table. 

 

 
Sensor 

 
Band 

 
Polarization 

Repeat 
Cycle 
(day) 

 
Acquisition 

Mode 

 
Swath 
(km) 

Ground 
Resolution 

(m) 

 
ERS-2 SAR 

 
C-band 
(~5cm) 

 

 
VV 

 
35 

 
Stripmap 
(Image) 

 
100 

 
25 

 
ENVISAT-1 

ASAR 

 
C-band 
(~5cm) 

 
HH or VV or 

HH/HV or VV/VH 

 
 

35 

Stripmap 
(Image), AP, 

ScanSAR 
(Wide Swath, 

Globe) 

 
 

100-405 

 
 

15-1000 

 

Table 1.2: Main characteristics of the SAR sensors used on the present study. 

 

Stripmap is a SAR acquisition mode where the antenna gives the system the flexibility to 

select an imaging swath by changing the incidence angle
7
. VV is the radar mode of polarization where 

the electric field of the microwaves is oriented in the vertical plane for both the transmission and 

reception of the signal. HH is the polarization mode where the electric field of the microwaves is 

oriented in the horizontal plane for both transmission and reception. Co-polarized (VV/HH) acquisitions 

have a significant higher penetration effect on the land surface than cross-polarized (VH/HV) one. 

When a microwave reaches the surface of the Earth it can either be reflected, absorbed or 

scattered (see Figure 1.6). See Appendix B for an approach to one-dimensional random rough 

scattering of plane waves. Backscatter is the portion of the radar signal that the target redirects to the 

antenna. The radar backscattering coefficient σ
0
 represents the average value of the radar reflective 

area per unit area (that is, it is a measure of the energy that returns to the radar). 

 

 

                                                      
7
 The incidence angle is the angle formed by the radar beam axis and the line perpendicular to the surface. 
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Figure 1.6: Reflection and scattering mechanisms. After ESA (2007). 

 

A SAR image is usually represented as a greyscale image. Darker areas in a SAR image 

represent low backscatter and brighter areas high backscatter. Smooth surfaces such as roads or still 

water courses and bodies reflect most signals and therefore appear darker on the images. Rougher 

surfaces, surfaces with vegetation or disturbed water bodies backscatter more radiation and therefore 

appear lighter. The electrical characteristics of the Earth’s surface also interfere with the intensity of 

the radar return. As the conductivity of a material increases, that is, as the material’s moisture content 

increases and its dielectric constant increases, more radiation will be backscattered and the image will 

be brighter. For metals the dielectric constant is high, around 80, while in dry soil conditions its value 

varies between 3 and 8. A saturated soil can reach a dielectric constant of 25 to 30. There are recent 

studies being made to tackle the influence of moisture on SAR imagery and the retrieve of soil 

moisture values from SAR imagery (Gherboudj et al 2011; Doubková et al 2012; Justin et al 2013). 

Backscatter can also be influenced by the wavelength and polarization of the SAR pulses and by the 

incidence angle. But SAR imagery interpretation is not straightforward and indetermination can occur, 

for example, for the image created by a rough dry soil and a wet smooth soil. Several geometric 

distortions can also occur on a SAR image (see Figure 1.7): shadowing, foreshortening and layover. 

http://www.sciencedirect.com/science/article/pii/S0034425710002270
http://www.sciencedirect.com/science/article/pii/S0034425712000764
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Shadows (dark areas) occur when areas are not illuminated by the antenna beams. The 

foreshortening effect is the “shortening” of the slopes that face the radar and the “stretching” of those 

oppositely oriented to it. The layover effect occurs when the radar beam reaches the top of a tall 

feature before it reaches its base. The return signal from the top of the feature will be received before 

the signal from the bottom. Therefore, the top of the feature is displaced towards the radar from its true 

position on the ground. 

 

Figure 1.7: Geometric distortions. Taken from ESA (2007). 

 

The identification of distinct flooded regions (smooth water, water disturbed by wind or rain 

and flood with emerged elements) on SAR images may require successive threshold procedures 

applied over different data types (Roque D et al 2013a, 2013b). The smooth water surfaces can be 

detected using radiometric data and the disturbed water surfaces using a digital terrain model. In 

flooded areas with emerged elements (such as vegetation and buildings) the backscatter coefficient is 

higher. In this case, a comparison with backscatter coefficient values from a reference non-flood 

period SAR image using a fuzzy logic approach may be necessary. For more on approaches and 

algorithms used on flood delimitation in SAR imagery so that these images can be considered ground-

truth in the representation of the Earth’s surface see Horritt et al (2001), Brivio et al (2002), Mason et 

al (2007), Schumann et al (2009). 
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1.3. Hydraulic Modelling 

 

Computational fluid dynamics, and specifically, flood simulations have been under development for 

several decades (Ferziger and Peric 1997). These computational methods are based on the numerical 

resolution of simplications of the general nonlinear partial differential Navier-Stokes equation (1.21) 

and of the mass continuity equation (1.22). 

      
𝜕𝑣

𝜕𝑡
+ (𝑣 ∙ ∇)𝑣 = 𝑔 −

1

𝜌
∇𝑝 + 𝜐∇2𝑣 = 𝑔 +

1

𝜌
(∇ ∙ 𝑇 − ∇𝑝)                                             (1.21) 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑣) = 0                          (1.22) 

 

In here, v is the flow velocity, ρ the constant fluid density, p the pressure, Ʋ the kinematic viscosity, T 

the deviatoric component of the total stress tensor and g the acceleration field of the body forces per 

unit volume acting on the fluid (such as gravity, centrifugal and Coriolis forces and electromagnetic 

forces)
8
. The Navier–Stokes equation is an application of Newton’s second law of motion – the 

conservation of momentum – to a non-relativistic continuum. The above formulation is valid for an 

arbitrary volumetric portion of the fluid (the control volume), considering it is Newtonian and 

incompressible
9
. For the derivation of the Navier-Stokes equations of motion and for an dimensional 

analysis of these equations see Appendix C. Equation (1.22) is valid only for an infinitesimal small 

control volume. The mass continuity equation states, for a given fixed volume, the relation of the rate 

of change of density of the fluid and the divergence of its current density, as mass can neither be 

created nor destroyed. The solutions of these equations are the velocity fields or flow fields of the fluid, 

in other words, one obtains the velocity of the fluid at a given point in space and time.  

The non-linearity of these equations for most real situations, turns their analytical resolution 

impossible, so several assumptions and numerical computational approaches have been made giving 

rise to simplified mathematical methodologies. There are several types of discretization approaches: 

the finite volume methods, the finite element methods and the finite difference methods (Néelz and 

Pender 2009). The finite volume method, used in models such as FMUST (Guo et al 2011) and IW2D 

(Lhomme et al 2010), uses the integral form of the conservation equations and applies them to a finite 

number of contiguous control volumes, afterwards performing interpolation to the entire domain grid 

(Ferziger and Peric 1997). It is a suitable method for complex geometries, but it is hard to develop in 

3D has it requires two levels of approximation: the integration and the interpolation. The finite element 

method, used in models such as RMA2 (Bates et al 1995) and TELEMAC 2D (Audusse and Bristeau 

2005) is similar to the last one. The domain is broken into a set of discrete volumes, but these are 

generally unstructured. Unstructured grids are the most flexible type of grids, suitable for complex and 

                                                      
8
 Deviatoric stress tensor is the total stress component which tends to distort the volume of the stressed body, as 

opposed to the mean hydrostatic stress tensor which tends to change the volume of the stressed body. 

9
 A fluid is Newtonian if the viscous stresses, at every point, are proportional to the local strain rate (rate of 

change of its deformation in time), with proportionality constant equal to the constant shear viscosity 𝜂. 

http://en.wikipedia.org/wiki/Nonlinear
http://en.wikipedia.org/wiki/Partial_differential_equations
http://en.wikipedia.org/wiki/Continuity_equation
http://en.wikipedia.org/wiki/Cauchy_stress_tensor#Stress_deviator_tensor
http://en.wikipedia.org/wiki/Cauchy_stress_tensor
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arbitrary geometries (see Figure 1.9). Its elements can have any shape (triangular, orthogonal, etc) 

and there is no restriction to the number of neighbor elements or nodes. Node locations and neighbor 

connections need to be specified, so the matrix of the algebraic equation system has not a regular 

diagonal structure and its solving is therefore more time-consuming than for regular grids. In fact, the 

finite element method distinguishing feature is that the equations are multiplied by a weight factor 

before they are integrated over the entire domain. Grid generation and pre-processing are also more 

difficult and time-consuming than for structured grids. The finite difference methods, used in models 

such as Tuflow (Syme 2001) are the oldest and easiest methods to apply. These use the differential 

form of the conservation equations and apply them to a structured grid. A structured or regular grid is 

formed by families of grid lines that do not cross each other and that are numbered consecutively. The 

position of any grid element on the domain is identified by two (in 2D) or three (in 3D) indices. This is 

the simplest grid structure and it is equivalent to a Cartesian grid. Each element has four neighbors in 

2D and six in 3D. The simple neighbor connectivity leads to a regular matrix of algebraic equation 

system, simplifying the numerical solving. Its drawbacks are it can only be applied to simple geometry 

domains and that grid elements may be unnecessarily small in certain parts of the domain (see Figure 

1.8). 

       

Figure 1.8: Example of a structured grid. After Ferziger and Peric (1997:27). 

 

       

Figure 1.9: Example of an unstructured grid. After Ferziger and Peric (1997:29). 
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The hydraulic model available this study was the commercial software Two-dimensional 

Unsteady FLOW, herafter Tuflow (BMT WBM, 2010). Tuflow was developed in 1990 and has been 

used since to simulated phenomena such as floods, ocean tides, tsunami inundations and to simulate 

flow patterns in coastal waters, estuaries, rivers, floodplains and urban areas (Syme 2001, Syme et al 

2004). Tuflow solves the nonconservative depth-averaged form of the 2D horizontal Shallow Water 

Equations (SWE) for free-surface flow based on the algorithm developed by Stelling (Stelling 1984, 

Syme 1991, Delis and Kampanis 2009). The partial differential equations in a cartesian coordinate 

frame of reference - mass continuity (1.23) and conservation of momentum on the horizontal plane xy 

(1.24) (1.25) - are shown below. 
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These equations were derived assuming vertically uniform horizontal velocity and negligible vertical 

acceleration, that is, assuming that the pressure distribution on the domain is hydrostatic. These 

assumptions are valid when the wave length of the water wave is much greater than the depth of the 

water, which usually occurs on ocean tides, floods and storm surges
10

. The SWE accounts for different 

physical phenomena such as the propagation of the fluid wave due to the gravitational forces, the 

transport of momentum by advection, the horizontal diffusion of momentum, the influence of external 

                                                      
10

 For more details see BMT WBM (2010), Stelling (1984) and Syme (1991). 
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forces generated by bed friction, rotation of the earth, wind, wave radiation stresses and barometric 

pressure.  

Tuflow allows flexible dynamic links with one-dimensional schemes, such as urban pipe 

networks, bridges, dykes, weirs and embankments, when these structures are too small in comparison 

with the 2D cell grid size. It has the advantage of applying the “free-overfall” method which offers 

stability and robustness on rapid wetting and drying situations important when modelling floodplains 

and large inter-tidal areas. Overall Tuflow needs as input a topographic grid of the study domain, 

upstream and downstream boundaries conditions, a land cover map coverage with the definition of the 

different land cover classes and 1D and 2D structures, such as dykes and embankments, when 

necessary. The study area, the data and methodology used and options taken on this study are further 

discussed in Chapter 2. 

 

1.4. Tuflow Calibration and SAR Imagery 

 

As seen before, hydraulic models are a combination of physical-based mathematical relationships with 

several simplifications and assumptions that not reproduce reality exactly (Woodhead 2007). So one 

should expect a degree of uncertainty in the results. Here we define calibration as the fitting of the 

model parameters, such as roughness coefficients, hydrologic data, river and floodplain geometry and 

water viscosity, so that the model reproduces the observed data with an acceptable accuracy. 

Calibration demonstrates that the model is capable of adequately representing the physical system 

and therefore producing reliable results. So, when there is enough data is a necessary step to take 

(South et al 2013).  

There are many calibration procedures and techniques described in the literature to reduce 

uncertainty and subjectivity in the simulations, which vary according to the characteristics of the 

models used (eg, Anderson 2002, Pappenberger et al 2006; Pappenberger et al 2007, Kadhim and 

Tawfeek 2013).  

Admitting that the topography, the boundary conditions of the domain, the grid resolution and 

the modelling of hydraulic structures are satisfactory, Tuflow model calibration consists solely on the 

fitting of the bed resistance values (such as the Manning’s coefficients) according to the land cover 

classes and on the correction of form losses at hydraulic structures (Syme et al 2004). 

Actually, the unitless Manning’s roughness coefficient (n) measures the resistance of the 

bed/surface material to the flow of water in it. The higher its value the more resistant is a surface to the 

water flow. It originated in the experimental calculation of the average velocity of a liquid flowing in a 

conduit that does not completely enclose the liquid, in other words, in open channel flow. In this case 

the liquid motion is gravity driven and the resulting empirical equation was designated Manning’s 

equation: 
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                                                                                                         (1.26) 

where Q represents the flow rate, V the velocity, A the flow area, R the hydraulic radius (a measure of 

a channel flow efficiency) and S the energy gradient (or the slope of the channel if uniform flow is 

assumed).  

Manning’s coefficient values for hydraulics models are often selected from pre-existing tables 

and studies (eg, Chow 1959; Beasley and Huggins 1982; Kotani et al 1998; De Roo 1999; Mattocks et 

al 2006) or calculated from field measurements (Arcement and Schneider 2013; Kidson et al 2006; 

Kalyanapu et al 2009). 

The validation of numerical inundation models using remote sensing as a tool in mapping flood 

extent has been done extensively using optical band satellite imagery. This imagery provides the most 

reliable and easy way to interpret results and already gave rise to real time flood monitoring 

applications (eg, Faruolo et al 2009; Proud et al 2011). Although characterized by high spatial 

resolution, optical technology can only be used during daytime and with good weather. Microwave 

remote sensing has the advantage of being an all-weather and day–night technology, as seen above. 

Thus, the use of SAR imagery to calibrate and determine the uncertainty of hydraulic models has been 

developed on the last two decades (eg, Bates et al 1997; Horritt and Bates 2003; Van der Sande CJ et 

al 2003; Horritt 2006; Pappenberger et al 2007; Schumann et al 2008; Di Baldassarre et al 2009; Di 

Baldassarre et al 2011; Tarpanelli A et al 2012; Garcia-Pintado et al 2013). Di Baldassarre et al (2011) 

researched the potential use of space-borne SAR data on monitoring major floods on medium-to-large 

rivers. Tarpanelli A et al (2012) investigated the potential of low-resolution SAR ENVISAT imagery to 

calibrate a hydraulic model coupled with a semidistributed hydrologic model applying it to a 

subcatchment of the upper-middle Tiber River in Italy. Garcia-Pintado et al (2013) defended the 

scheduling of SAR satellite imagery acquisition for the sequential assimilation of water level 

observation into flood modelling on urban areas using the 2D hydrodynamic model LISFLOOD-FP, 

with the final purpose of forecast. Schumann et al (2008) assessed “uncertain” flood inundation 

predictions with “uncertain” remotely sensed water stages derived from SAR imagery, based on the 

case study of a flood in the Alzette River in Luxembourg. The combination of SAR remote sensing 

data with hydraulic modelling has therefore become established as a powerful approach on flood 

monitoring, modelling and management. 

Thus, on this research the aim is to calibrate and validate the numerical inundation models 

using flood extent maps derived from SAR imagery for the LT River region. Note that this research 

constitutes a step on the process of elaborating inundation risk maps for the Tagus River basin. The 

elaboration of these maps is out of the scope of the present study. 
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2. Data and Methodology 

 

2.1. The Study Area 

 

The study area is the 70-km stretch of the Lower Tagus River located between the localities of 

Tramagal, upriver, and Ómnias, downriver (see Figure 2.1). Both these localities, as well as Almourol, 

have gauge stations, which allowed for the use of the water level data necessary for the simulations. 

The Tagus River is the river with the largest floods in terms of inundated area in Portugal. The records 

of historical floods date back to the 16
th
 century. So, throught the years major river channels have 

been artificially displaced and dozens of dykes have been built (Azevêdo et al 2004). 

 

Figure 2.1: The study area: the 70-km stretch of the Tagus River between Tramagal and Ómnias. 

 

Nowadays there are 23 public dykes on the Lower Tagus River area and an unknown number of 

private ones (see Figure 2.2).  
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Figure 2.2: Detail of the military chart with the public dykes (in black) on the Lower Tagus River. 
Adapted from CCDR LVT (2003). 

 

The LT River floodplain is mostly occupied by agriculture fields and urban areas. When the river 

overflows, which happens on average every 2.5 years, roads are blocked and important agricultural 

damages and subsequent economic impacts can occur (Araújo, Pestana, Matias, Roque, Trigo-

Teixeira and Heleno 2013; Pestana, Matias, Canelas, Araújo, Roque, Van Zeller, Trigo-Teixeira, 

Ferreira, Oliveira and Heleno 2013). The largest flood of the 20
th
 century occurred in February 1979, 

with a peak flow discharge of 11042 m
3
/s in Tramagal (Pestana, Matias, Canelas, Roque, Araújo, Van 

Zeller, Trigo-Teixeira, Falcão, Gonçalves, Ferreira and Heleno 2014) (see Figure 2.3). The latest flood 

happened in March-April of 2013 (Expresso 2014, Público 2014) (see Figure 2.4).  

http://www.ccdr-lvt.pt/
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Figure 2.3: The flood of February 1979 in Rio de Moinhos, a locality on the north bank of the Tagus 

River. Unkown author. Courtesy of Rui André. 
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Figure 2.4: The flood of March-April 2013 in Rio de Moinhos. Courtesy of Rui André. 
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Analysing the CORINE Land Cover 2006 of 100m resolution one can see that the most common land 

cover classes on the LT River floodplain are Permanently Irrigated Land (212), Vineyards (221) and 

Pastures (231) (see Figure 2.5). 

 

Figure 2.5: Detail of the CORINE Land Cover 2006 (CLC 2006) on the LT River floodplain. 
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2.2. Data 

 

The Digital Terrain Model (DTM) used in the simulations was acquired by radar (Interferometric 

Synthetic Aperture Radar) techniques by Intermap Technologies company (Intermap©) with 5m of 

spatial resolution and a vertical accuracy of 1m (see Figure 2.6). It was acquired in March-April during 

a dry period which allowed for a better definition of the river margins, sand banks and islets. It is 

important to refer that with this type of technique the river appears as a flat surface on the DTM, as the 

signal does not penetrate the water. The DTM also does not include the dykes. 

 

Figure 2.6: The Digital Terrain Model of the LT River (Araújo, Pestana, Matias, Roque, Trigo-Teixeira 

and Heleno 2013). 

 

Elevation data was not available for all the dykes on the study domain. This limitation and also 

time constraints lead to the choice of five dykes to introduce in the model: Courela, Torrinha, Gagos 

and Junceira on the south bank and Vinte on the north bank (see Figure 2.7). These dykes where 

chosen also according to their location and influence on the water flow and stability of the simulations 

(see Section 2.3). 
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Figure 2.7: The dykes introduced in the study area. 

 

In-situ hourly measurements of water elevation in the hydrometric stations of Ómnias 

(downstream boundary condition), Almourol (observation gauge station) and Tramagal (upstream 

boundary condition) were supplied by the Agência Portuguesa do Ambiente and the Natural Water 

Resources Information System (SNIRH). The discharge values for November of 2006 for the Castelo 

de Bode dam on the Zêzere River were supplied by Energies of Portugal (EDP). There were no 

discharge values for this dam available for the flood of 2001. The discharge flow in Tramagal and 

Almourol for the flood of January of 2001 and the discharge flow in Tramagal for the flood of 

November of 2006 were calculated using the SNIRH rating curves of table 2.1. The graphics with the 

water levels and flow discharges for both floods are shown in Figures 2.8-2.11. Note that all water 

level (h) values were corrected according to the Datum Altimeter of the Cascais Tide Gauge (zero 

altimetry registered for more than a century in Cascais).  

 

 

Table 2.1: SNIRH rating curves for the hydrometric stations of Tramagal and Almourol. 

 

Gauge Station h (m) Rating Curve From: To:

Tramagal 0.6-6.15 Q=53.843(h-0.6)2.056
01-10-2000 30-09-2001

Tramagal 6.15-11 Q=94.861(h-0.6)1.7269
01-10-2000 30-09-2001

Almourol -0.5-4.56 Q=15.461(h+0.5)2.434
01-10-2000 30-09-2001

Almourol 4,56-14 Q=18.511(h+0.5)2.323
01-10-2000 30-09-2001

Tramagal 0-10 Q=69.479(h-0)1.833
01-10-2006 30-09-2007
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Figure 2.8: Water Level in Ómnias, Almourol and Tramagal for the simulation time of the flood of 

January 2001. Hour 1 corresponds to 29-12-2000, 17:00. 

 

 

Figure 2.9: Hydrograph of the river discharge in Tramagal and Zêzere for the simulation time of the 

flood of January 2001. 
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 Note that the river discharge values for the affluent of the Tagus River Zêzere for 2001 where 

calculated by subtracting the flow discharge in Almourol by the flow discharge in Tramagal, displaced 

by one hour (the approximate water time travel between the two gauge stations): 

QZêzere(t)=QAlmourol(t)-QTramagal(t-1)       (2.1) 

 

 

Figure 2.10: Water Level in Ómnias, Almourol and Tramagal for the simulation time of the flood of 

November 2006. Hour 1 corresponds to 19-11-2006, 0:00. 

 

Figure 2.11: Hydrograph of the river discharge in Tramagal and Zêzere for the simulation time of the 
flood of November 2006. The Zêzere values are the values of the discharge of the Castelo de Bode 

dam supplied by EDP. 
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One SAR image was acquired for each flood: an ERS SAR image for January 2001 and an 

ENVISAT ASAR WS for November 2006. For details see Table 2.2 below. 

 

 

Table 2.2: Information about the acquisition of the SAR images for the floods of January 2001 and 

November 2006. 

 

Two segmentation methods were applied to the SAR imagery to extract the flood extent 

boundaries: visual interpretation followed by manual delimitation and an object-based algorithm 

approach (Roque D et al 2013a, 2013b). On this dissertation we have opted to solely use the manual 

delimitation as it is more accurate. The SAR images and the manual delimitations for both floods are 

shown in Figures 2.12 and 2.13. 

 

 

Figure 2.12: ERS-SAR image acquired during the flood of January of 2001 and manual delimitation of 

the flooded area (in blue).  

 

Duration of the Floods Data Start Time End Time Satellite Orbit Image Resolution (m)

06/12/2000 - 16/02/2001 05-01-2001 11:18:53.37  11:19:08.46 ERS-2 29865 12,5

5/11 - 19/12/2006 25-11-2006 22:32:41.30  22:33:42.49 ENVISAT-1 24776 75
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Figure 2.13: ASAR Wide Swath image acquired during the flood of November of 2006 and manual 

delimitation of the flooded area (in blue). 

 

The peak flow discharge in Tramagal for the flood of 2001 occurred at 06-01-2001 at 13:00, 26 

hours after the acquisition of the SAR image and was of 4675 m
3
/s. The peak flow discharge in 

Tramagal for the flood of 2006 occurred at 25-11-2006 at 8:00, 15 hours before the acquisition of the 

SAR image and was of 3266 m3/s. The SAR image acquisition time for 2006 corresponds to the higher 

water level in Ómnias gauge station. 

Land cover data for the study area was retrieved from the CORINE Land Cover 2006 dataset 

(see Section 2.1). Since there are no roughness coefficient values defined for our study area, the initial 

roughness coefficient map used in the simulations was based on the CORINE classes, crossed with 

roughness coefficient values in the literature for other study areas (e.g. Beasley and Huggins 1982; 

Chow 1959; De Roo 1999; Kalyanapu et al 2009; Kotani et al 1998; Mattocks et al 2006). See Figure 

bellow for the literature roughness coefficient values for the most common classes on the LT 

floodplain. 

 

 

Figure 2.14: The roughness coefficients retrieved from the literature for the most relevant CLC 2006 

classes of the study domain. In green are the values used as starting points for the calibration. 

CORINE Level 1 CORINE Level 2 Code Designation Manning Coef. Source

211 Non-irrigated arable land 0.037 Mattocks et al (2006)

Arable land 212 Permanently irrigated land 0.037 Mattocks et al (2006)

213 Rice fields 0.020 Kotani et al (1998)

221 Vineyards 0.037 Mattocks et al (2006)

Permanent crops 222 Fruit trees and berry plantations 0.037 Mattocks et al (2006)

Agricultural areas 223 Olive groves 0.037 Mattocks et al (2006)

231 Pastures 0.033 Mattocks et al (2006)

Pastures 0.259 De Roo (1999)

0.325 Kalyanapu et al (2009)

241 Annual crops associated w/permanent crops 0.037 Mattocks et al (2006)

Heterogeneous 242 Complex cultivation patterns 0.020 Mattocks et al (2006)

agricultural areas 243 Land principally occupied by agriculture, w/significant natural vegetation 0.050 By default

244 Agro-forestry areas 0.050 By default
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When there was no match between the CLC 2006 classes of the study domain and the literature 

classes the value 0.50 was used as a default value (e.g. Agro-Forestry Areas). When different values 

were found in the literature for the same class, the middle value was used (e.g. Pastures). 

 

2.3. Methodology 

2.3.1. Calibration of the Roughness Coefficients 

 

For the hydraulic simulations, the commercial software Tuflow was used. Tuflow provides 2D solutions 

based on the Stelling finite-difference, alternating direction implicit (ADI) scheme that numerically 

solves the full 2D free surface shallow-water flow equations (Delis and Kampanis 2009; Syme 2001; 

Syme et al 2004).  

This software needs several sequential inputs in order to create the study domain model and 

perform the simulations (BMT WBM 2010). In this case study the steps were as following:  

1- The DTM is introduced as a Point Scatter Shapefile in the software and a 2D Square Grid 

Mesh is created; 

2- The five chosen dykes are introduced as 2D Z Lines (Advanced) structures with xy-

coordinates and elevation data. These structures are automatically superimposed on the DTM 

by Tuflow during the simulations; 

3- Boundary conditions are introduced with xy-coordinates as 2D BC Coverages. Tuflow accepts 

flow discharge as upstream boundary conditions (here Tramagal and Zêzere) and water level 

as downstream boundaries conditions (here Ómnias). The values of water level and flow 

discharge mentioned on the previous Section were introduced on a table according to the 

simulation time;  

4- Tuflow allows for the creation of an observation point for purposes of validating the 

simulations. The chosen observation point in this case was the Almourol gauge station, so its 

water level in time could be compared with the simulated output from the model;  

5- CLC 2006 for the study domain is introduced as land cover data; 

6- The roughness coefficients for each CLC 2006 class are introduced. In a first step the 

literature values mentioned on Section 2.2 were used. The default value introduced was 0.50. 

 

Note that the use of the geographic information systems software ArcGIS was necessary to 

perform spatial transformations on the DTM and dykes data so these could be correctly introduced in 

Tuflow. 

Several other parameters need to be chosen to perform the simulations. These were fixed for the 

simulations according to Table 2.3. 
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Table 2.3: Fixed parameters used on the model runs. 

 

All model runs had the same boundaries and were simulated using steady-state flow initial conditions. 

This means all model ran for 48 simulation hours with the initial boundary condition values. The initial 

water level for all study domain was 0 m. The water level instability level that would cause the 

simulation to become unstable was 219m, 10m above the highest elevation value of the study domain.  

The chosen simulation outputs were as following: 

 

 

Table 2.4: Output simulation parameters. 

 

Each simulation took from 2 to 5 days to run on a Toshiba laptop with a processor Intel® 

Core™ i5-2450M CPU of 2.50GHz, 8GB memory RAM, 64-bit operating system and Windows 7 

Professional. While running, the simulated and observed water level values for Almourol and the 

simulated flood extent and velocity field were checked to see the stability of the simulations (Figure 

2.15). Also the Courant number (C) value was controlled.  According to the software manufacturer this 

number should be around 5 and never higher than 10 for a 2D domain (Syme 1991; BMT WBM 2010). 

One was able to keep these values for all simulations (e.g. Figure 2.16).  

The manufacturer also suggests that the timestep (Δt) should be calculated according to the 

following formulae: 

 

𝐶 =
Δt√2gH

Δx
          (2.2) 

  

where Δx is the length of the model element (that is, the 2D grid mesh resolution), g the acceleration 

of gravity, H the water depth and C the Courant number. 

 

Flood Scatter Point DTM Shapefile (m) 2D Grid Mesh Resolution (m) Simulation time (h) Timestep (s) Nº of iterations Eddy Viscosity

2001 40x50 30 248 5 6 1.0 (constant)

2006 40x50 30 288 5 6 1.0 (constant)

Depth

Water Level

Velocity Vectors

Courant Number
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Figure 2.15: An example of the velocity field on Tuflow during a simulation of the February 1979 flood. 
The black lines are dykes. Notice the water velocity is higher on the deepest part of the river. In this 

case the simulation shows that only the Junceira dyke was not overtopped. This helps controlling the 
performance of the simulation when information about the overtopping of dykes is available.  
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Figure 2.16: Checking the Courant Number values on Tuflow during a simulation of the February 
1979 flood. The black lines are dykes. Notice that in this case the Courant Number is below 2 in all 

study domain. 

 

In order to choose the values referred on Table 2.3 many attempts were made, in order to reach the 

2D mesh grid resolution, the numbers of iterations and the timestep values adequate for our study 

domain. Also model runs with and without Zêzere as an upstream boundary condition were made. The 

run tests also included the introduction or not of several dykes, until the final five dykes were chosen. 

Simulations for other floods (November of 1997 and February of 2001), for higher 2D grid mesh 

resolution and for the river main course corrected with bathymetric information were also performed. 

These simulations were important for the choice of the simulation parameters and of the calibration 

procedure but their results are out of the scope of this dissertation. These publications include Araújo, 

Pestana, Matias, Roque, Trigo-Teixeira and Heleno (2013), Falcão, Matias, Pestana, Gonçalves and 

Heleno (2014), Matias, Falcão,
 

Gonçalves, Alvares, 

Pestana, Van Zeller, Rodrigues and
 
Heleno (2013) and Falcão, Matias, Pestana, Gonçalves, Araújo 

and Heleno (2014).  

As the DTM was coarsened from cells of 5x5m to cells of 40x50m and then a structural 

regular grid of 30x30m was computationally created by interpolation, it was necessary to test if the grid 

represented well the DTM. So, using Tuflow the bathymetry lines of the coarse DTM and the 

bathymetry lines of the grid mesh were compared (Figures 2.15 and 2.16). As one can see in Figures 
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2.17 and 2.18 the grid mesh seems to adequate represent the topographic information as the lines 

almost overlap (Bates et al. 2003). 

 

 

Figure 2.17: Isolines of the bathymetry of the coarse DTM (fine black contours) and isolines of the 

computational grid mesh (in color) near a dyke (black thick line). 

  

 

Figure 2.18: Isolines of the bathymetry of the coarse DTM (fine black contours) and isolines of the 
computational grid mesh (in color) near a sand bank. 
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A second experiment to test the bathymetry of the river was also made, using the 3D 

visualization tool from Tuflow. The river course was computationally travelled and analysed specially 

near dykes, sand banks and islets, to see if abrupt changes in bathymetry occurred (Figure 2.19). 

These can cause instabilities in the model runs. In this case no corrections to the bathymetry were 

necessary. 

  

 

Figure 2.19: 3D visualization of the bathymetry of the river course near a dyke (in black). 

 

The flood extent maps obtained for each simulation were compared with those derived from 

SAR imagery using the ArcGIS software. Also the observed and simulated water level values in 

Almourol were compared. The roughness coefficient values were then fitted accordingly. Different 

strategies were used (see Table 2.5): A) maintain all classes with the n literature values, except the 

most common classes on the study area, for which the n values were increased and decreased to 

extreme values (according to the classification level 1 of the CLC 2006); B) Increase and decrease all 

classes literature Manning values by the same percentage; C) with all Manning coefficient values 

higher 30%, maintain class 212 (Permanently Irrigated Land) with the value 0.015 (solely ran for the 

flood of January of 2001); D) use the literature Manning coefficient classes values; E) Maintain the 

Manning coefficient equal for all classes (0.50). 
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Table 2.5: Different strategies used for the roughness coefficient values. The hyphen means that the 
literature values were used. 

 

Different measures of the similarity between simulated and imaged flood extents (overall accuracy, 

kappa coefficient and omission and commission errors) were derived from confusion matrices using 

the software ENVI (ENVI 2004). This, along with the visual comparison of the flood extent derived from 

the SAR imagery with the simulated flood extent, and along with the comparison of the time series of 

the observed and simulated water level on Almourol hydrometric station allowed the choice of the 

more adequate values of the Manning coefficients for the CLC 2006 classes of the study domain. 

 It is important to mention that the overall accuracy is calculated by summing the number of 

pixels classified correctly on the simulated image and dividing by the total number of pixels. The 

omission errors represent the percentage of pixels classified on the SAR image as flooded that do not 

appear as flooded on the simulated flood extent image. The commission errors represent the 

percentage of pixels classified as flooded on the simulated image that are non-flooded on the SAR 

image. The kappa coefficient is another measure of accuracy of a classification (ENVI 2004). If k 

coefficient is equal or higher than 0.75, there is a strong agreement between two flood extent maps; if 

the coefficient is 1 the agreement is perfect. 

The strategy for choosing the best combination of roughness coefficients for the CLC 2006 

classes of the study domain was to combine the visual interpretation, Almourol water level time-series 

and the measures of similarity. One took into account that it was a priority to have low omission errors 

as these results may be used to produce hazard maps. 

 

 

Strategy Simulation

nº 212 221 242 511 512 ...

1 0.200 - - - - -

2 0.015 - - - - -

3 - 0.200 - - - -

4 - 0.015 - - - -

5 - - 0.200 - - -

A 6 - - 0.015 - - -

7 - - - 0.020 0.020 -

8 - - - 0.040 0.040 -

9 - - - 0.050 0.050 -

10 0.100 - - 0.020 0.020 -

11 0.150 - - 0.025 0.025 -

12

B 13

14

C 15 0.015

D 16

E 17

-

0.050

Manning Coefficient

-30.00%

15.00%

30.00%

30.00%
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2.3.2. Application for the Flood of February 1979 

 

The chosen roughness coefficient values were then used to perform a simulation for the February 

1979 flood for which no SAR imagery was available. The parameters used were the same as in 

Section 2.3.1, with the exception that the simulation time was of 434 hours starting at 01-02-1979 at 

0:00. The water level and discharge flow data are shown on Figures 2.20 and 2.21 and the rating 

curves on Table 2.6. 

 

 

Table 2.6: SNIRH rating curves for the hydrometric stations of Tramagal and Almourol. 

 

There were no values available for the discharge of the Castelo de Bode dam, so the flow 

discharge values for  Zêzere were calculated by subtracting the flow discharge in Almourol by the flow 

discharge in Tramagal, displaced by one hour (Equation 2.1).  

 

 

Figure 2.20: Water Level in Ómnias, Almourol and Tramagal for the simulation time of the flood of 

February 1979. Hour 1 corresponds to 01-02-1979, 00:00. 

 

 

Gauge Station Rating Curve From: To:

Tramagal Q=69.479(h-0)1.833
01-10-1978 30-09-1979

Almourol Q=81.614(h-0)1.731
01-10-1978 30-09-1979
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Figure 2.21: Hydrograph of the river discharge in Tramagal and Zêzere for the simulation time of the 

flood of February 1979. 

 

The validation of the obtained flood extent was made by comparing the observed and 

simulated water levels at Almourol gauge station and at undated flood stage marks spread throughout 

the floodplain. This flood stage marks were observed after the 1979 flood and correspond to the 

highest water level of the inundation. This data was supplied by ARH Tejo. 
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3. Results and Discussion 

3.1. Calibration of the Roughness Coefficients 

 

On Figure 3.1 is shown the flood extent result for the literature roughness coefficient values for the 

2001 flood which were used as starting point in the simulations. Notice there are flooded areas on the 

simulation that do not appear on the SAR manual delimitation (on the south bank near Ómnias BC, 

hereafter Area A; and north bank, south of dyke Vinte, hereafter Area B) and vice-versa (south bank, 

east and northeast of dyke Junceira, hereafter Area C). These were recurrent results on most model 

runs independently of the flood. 

 

 

Figure 3.1: Flood extent resulting from the literature roughness coefficients values for the 2001 flood. 
Notice the location of areas A, B and C. 

 

Table 3.1 shows the calibration results for the simulation performed for the January 2001 flood 

and the measures of similarity between the simulated and the SAR image flood extents. One used the 

criteria of prioritizing the reduction of the omission therefore for the flood of January 2001, the best 

simulated result was obtained when the Manning coefficient value was changed individually for the 

class 212 to n=0.20. For this case the omission (15.93%) and commission (24.63%) errors are 

relatively low, and the overall accuracy is high (96.15%). The kappa coefficient is also relatively high 

(0.77). 
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Table 3.1: Calibration results for the 17 simulations performed for the January 2001 flood, and 
measures of similarity between simulated and SAR image flood extents. The best case for 2001 is 

represented in orange.  

 

Looking at the simulated water levels at Almourol gauge station for the best case, one can 

observe that the WL pace is similar to the observed one, although in some case the best case WL is 

0.90cm higher than the observed one. This difference is not considered relevant, as the error is less 

than 4% of the WL (Figure 3.2). Notice that there is a delay of about 2 to 5 hours of the model results 

in relation to the observed values. 

 

 
 

Figure 3.2: Observed and simulated water levels in Almourol for the best case of 2001 (class 212 with 
n=0.20) and for other simulations. 

overall kappa omission comission
St

ra
te

gy

212 221 242 511 512 ... accuracy (%) coefficient (%) (%)

1 0.200 - - - - - 96.15 0.77 15.93 24.63

2 0.015 - - - - - 95.86 0.73 27.98 20.54

3 - 0.200 - - - - 95.98 0.75 22.00 22.95

4 - 0.015 - - - - 96.12 0.75 24.37 20.34

5 - - 0.200 - - - 95.73 0.74 23.79 24.22

A 6 - - 0.015 - - - 96.13 0.76 23.37 20.92

7 - - - 0.020 0.020 - 96.25 0.74 32.83 12.30

8 - - - 0.040 0.040 - 95.71 0.76 13.50 28.69

9 - - - 0.050 0.050 - 94.96 0.73 9.51 34.29

10 0.100 - - 0.020 0.020 - 96.33 0.75 30.91 13.13

11 0.150 - - 0.025 0.025 - 96.46 0.78 22.56 18.25

12 96.20 0.73 37.12 8.37

B 13 95.74 0.75 16.46 27.37

14 95.43 0.75 11.68 31.08

C 15 0.015 95.90 0.72 32.40 16.97

D 16 96.10 0.76 23.52 21.11

E 17 94.76 0.66 32.26 30.42

30.00%

-

0.050

Manning Coefficient

-30.00%

15.00%

30.00%

Si
m

u
la

ti
o

n
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As shown in Figure 3.3 in the best case, area C is flooded as expected and area B is less flooded than 

for the literature roughness coefficient values case. It was recurrent in all simulations that area A was 

always flooded when it was observed it was not. This is due to a weakness of the Tuflow software that 

does not allow for the introduction of a water passage near the downstream Ómnias BC. In 

consequence the water that flows to area A is not drained during the run. In fact, because of this factor 

one chose to disregard the software suggestion to use as the initial water level of the study domain the 

initial water level of the downstream boundary condition (8.47m for 2001 and 5.11m for 2006). One 

used 0m instead on all study domain. 

 

 

Figure 3.3: Flood extents resulting from the decrease of 30% (in blue) and from the increase of 15% 
(in orange) of the roughness coefficients values for the 2001 flood. 

 

The case of area C is more problematic (Figure 3.4). As explained by Araújo, Pestana, Matias, Roque, 

Trigo-Teixeira and Heleno (2013), area C corresponds to the Alpiarça channel which may become 

flooded not only because of the overtopping of the Tagus banks or of the Junceira dyke, but it also can 

receive water from the Ulme river. One did not introduce this river on the models because of lack of 

data.  

The n212=0.20 simulation flood extent was also the visually closest to the SAR image 

delimitation. 
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Figure 3.4: The problematic area C on the south bank of the Tagus River with the SAR image flood 

extent delimitation (in yellow). 

 

 The simulations shown on Figure 3.3 are a good example to demonstrate how sensitive 

Tuflow is to changes on a single land cover class roughness coefficient value. To better illustrate this 

fact the omission and commission areas for n212=0.20 and n212=0.015 are presented in Figures 3.5 

and 3.6. 
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Figure 3.5: Omission and commission errors for the best case simulation of the January 2001 flood 

with class 212 with n=0.20. 

 

 

Figure 3.6: Omission and commission errors for the simulation with class 212 roughness value of 

0.015 of the 2001 flood. 
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The same calibration process was repeated for the November 2006 flood. Therefore for this 

flood, the best simulated result was obtained when all Manning coefficient values were increased by 

15% (Table 3.2). For this case the omission error (8.09%) is very low, the commission error (29.08%) 

relatively low and the overall accuracy relatively high (95.60%). The kappa coefficient is also high 

(0.78).  

 

 

Table 3.2: Calibration results for the 16 simulations performed for the November 2006 flood, and 
measures of  similarity between simulated and SAR image flood extents. The best case for 2006 is 

represented in orange. 

 

As a reference one presents the flood extent simulation for the literature roughness coefficient 

values on Figure 3.7. Notice that area C appears flooded on the simulation as it is in the SAR image 

delimitation. Area A is again flooded when in reality it was not. This is due to the reason mentioned 

above for the 2001 flood. The same happens with area B. This is because the land adjacent to Vinte 

dyke has cultivated crops and has been bulldozed for agricultural purposes, becoming very permeable 

and with a high infiltration rate which is not accounted for by Tuflow. In fact a test was made for the 

November 1997 flood and it was found that in area B the simulated water depth was very small, 

mostly less than 20 cm. This is in agreement with the absence of water on the SAR image (Araújo, 

Pestana, Matias, Roque, Trigo-Teixeira and Heleno 2013). 

 

overall kappa omission comission

St
ra

te
gy

212 221 242 511 512 ... accuracy (%) coefficient (%) (%)

1 0.200 - - - - - 95.48 0.76 11.62 28.58

2 0.015 - - - - - 95.31 0.74 19.14 26.81

3 - 0.200 - - - - 95.69 0.77 12.12 27.13

4 - 0.015 - - - - 95.76 0.77 13.81 26.01

5 - - 0.200 - - - 95.38 0.75 14.99 27.98

A 6 - - 0.015 - - - 95.75 0.77 12.87 26.44

7 - - - 0.020 0.020 - 95.41 0.73 24.88 23.34

8 - - - 0.040 0.040 - 95.42 0.77 7.39 30.30

9 - - - 0.050 0.050 - 95.02 0.76 6.02 32.75

10 0.100 - - 0.020 0.020 - 95.75 0.76 18.42 23.97

11 0.150 - - 0.025 0.025 - 95.77 0.78 12.64 26.43

12 95.40 0.72 30.57 19.93

B 13 95.60 0.78 8.09 29.08

14 95.47 0.77 6.05 30.44

D 15 95.70 0.77 13.08 26.70

E 16 95.41 0.77 5.94 30.76

-30.00%

15.00%

30.00%

-

0.050

Si
m

u
la

ti
o

n Manning Coefficient
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Figure 3.7: Flood extent resulting from the literature roughness coefficients values for the 2006 flood. 

 

 Again the pace of the WL of the simulations is similar to the observed one (Figure 3.8). In this 

case the error reaches 1.6 m (maximum error 7%). Note that the maximum error is vertical accuracy of 

the DTM. 

 

Figure 3.8: Observed and simulated water levels in Almourol for some of the simulations of 2006. 
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 The 15% flood extent was also the most similar visually to the manual delimitation of the SAR 

image (Figure 3.9). 

 

 

Figure 3.9: Flood extents resulting from the decrease of 30% (in blue) and from the increase of 15% 
(in orange) of the roughness coefficients values for the 2006 flood. 

 

 The omission and commission errors for the simulations of Figure 3.9 are shown on Figures 

3.10 and 3.11. 
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Figure 3.10: Omission and commission errors for the best case simulation of the 2006 flood with an 
increase of 15% on all classes literature roughness coefficient values. 

 

 

Figure 3.11: Omission and commission errors for the simulation of the 2006 flood with a decrease of 
30% on all classes literature roughness coefficient values. 
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Comparing the results from both floods, one concluded that an increase of 15% in the 

Manning coefficient values for all classes resulted in the best measures of similarity between 

simulated and imaged flood extents (Table 3.3). 

 

 

 

Table 3.3: Measures of similarity for the best case of the flood simulations of 2001 and 2006. 

 

Although for 2001 this is not the best simulation in terms of uncertainty measures, both the visual 

comparison of the flood extent and the pace of the Almourol WL are good (see Figure 3.12, 3.13 and 

3.14). 

 

 

Figure 3.12: Flood extents resulting from the decrease of 30% (in blue) and from the increase of 15% 

(in orange) of the roughness coefficients values for the 2001 flood. 

 

 

 

h
h

h

0 6 123
Km

±

Legend

Manual Delimitation

Simulation -30%

Simulation +15%

h Gauge Stations

Dykes

overall k omission comission

Flood accuracy (%) coefficient (%) (%)

05-01-2001 95.74 0.75 16.46 27.37

25-11-2006 95.60 0.78 8.09 29.08
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Figure 3.13: Observed and simulated water levels in Almourol for some of the simulations of 2001, 

including the considered best case for both floods (+15%). 

 

 

Figure 3.14: Omission and commission errors for the simulation of the January 2001 flood with an 

increase of 15% on all classes literature roughness coefficient values. 
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 The chosen simulation flood extents are thus presented in Figures 3.15 and 3.16 and the final 

roughness coefficient values for the CLC 2006 classes on Table 3.4. The roughness coefficient values 

obtained in this research can hereafter be applied as reference values on hydraulic simulations on the 

LT River region.  

 

 

 

Figure 3.15: January 2001 simulated flood extent resulting from the increase of 15% in the Manning 
values and comparison with the manual delimitation of the SAR image. 
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Figure 3.16: November 2006 simulated flood extent resulting from the increase of 15% in the Manning 
values and comparison with the manual delimitation of the SAR image. 

 

 

Table 3.4: Roughness coefficient values for the Corine Land Cover classes on the Lower Tagus River 

area. 
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3.2. Application for the Flood of February 1979 

 

The values of Table 3.4 were used to simulate the flood of February 1979 (Figure 3.17). Due to the 

lack of information of the date and time of the maximum flood extent, one chose 11/2/1979 at 21:00. 

This corresponds to 11 hours after the peak flow discharge in Almourol and 6 hours before the highest 

WL in Ómnias. These approximate time differences occurred for the 2001 and 2006 floods as the 

study domain was the same, corresponding to the maximum flood extents. 

 

 
 

Figure 3.17: Maximum flood extent for the simulation of the 1979 flood (in black). 
 

 

 The simulation WL in Almourol is presented on Figure 3.18. Again the pace is similar between 

both curves and the highest different is smaller than 1m. 
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Figure 3.18: Observed and simulated water levels for Almourol gauge station. 

 

Validation was made by comparing observed and simulated water levels at Almourol gauge station 

and at flood stage marks spread throughout the floodplain. These correspond to the maximum water 

level observed during the 1979 flood (Figures 3.19 and 3.20). Note the accordance between the water 

levels at the flood stage marks. Notice that most of the WL stage marks simulated values that are 

more distanced from the observed ones, are those located near dykes, where the water constraints 

can cause more instabilities in the model (e.g. stage mark 7 located near Vinte dyke and stage mark 5 

located near Junceira dyke). 

 
Figure 3.19: Comparison between the maximum observed and maximum simulated water level 
values for the flood stage marks of the study domain. The flood stage marks number increases 

upriver. 
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Figure 3.20: The location of the flood stage marks on the ortophoto map of the study domain. 
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4. Conclusion 

4.1. Contributions 

 

This study constitutes the first time that, for a Portuguese river, a hydrodynamic numerical model is 

successfully calibrated and validated using SAR imagery. One saw that Tuflow software successfully 

models floods flow on the floodplain area, despite of the large size of the study domain (a 70-km 

stretch of the LT River). Furthermore this was accomplished by using 2D mesh grid cells of 30x30m, 

that is, grids with low resolution, corroborating the findings of Dottori et al (2013) that for reliable flood 

predictions too much detail in the data is not always necessary. Therefore in study areas of this size 

one suggests that the use of a grid with 30m resolution is adequate, which can avoid more time and 

cost consuming simulations. 

Therefore one concludes that the methodology applied for the calibration and validation of the 

flood models was adequate for the present case. Namely, the comparison of the observed and 

simulated water level at a gauge station located within the study domain and the comparison of the 

flood extent areas retrieved for SAR imagery with the simulated flood extents. Nevertheless one 

should point out the importance of the understanding the dynamics of specific areas (such as areas A, 

B and C) on the study domain, to adequately interpret the simulation results. This implies the necessity 

of an interdisciplinary study when dealing with a natural hazard such as floods. In this case the 

knowledge of scientists of different fields such as geographic information systems, hydraulics, 

agriculture, hydrology and of people with extensive field work experience on the study domain was 

necessary to adequately interpret the simulation results. 

This was also the first time roughness coefficient values specific for the LT River region were 

obtained. The roughness coefficient values obtained in this research can hereafter be applied as 

reference values on hydraulic simulations on the Lower Tagus River region. 

 Furthermore the findings show that the roughness coefficient values matter: small changes in 

one land cover class Manning coefficient value may significantly alter the simulation results. In sum, 

one was able to find a best case roughness coefficient values for the Corine Land Cover 2006 classes 

on the Lower Tagus River area and successfully applied it to the largest flood of the 20
th
 century.  

Nevertheless one needs to safeguard the following: n depends on the flow peak discharge of each 

flood (see Section 1.4); there are errors associated with the DTM, as it was collected in 2008 and the 

floods occurred in 2001 and 2006; the SAR images have different resolution, which can introduce 

errors on the delimitation; and the calibration of n allows to compensate for other uncertainties on the 

simulation process. Note, as well, that the vertical accuracy of the DTM was of one meter, which can, 

as well, introduce uncertainty on the results.  

This research has already produced several scientific publications and conference 

presentations, as the RIVERSAR research project already finished in October of 2013. These include 

simulations with increased grid resolution and with a DTM that combines topography and bathymetry 
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datasets for the January 2001 flood (e.g. Matias, Falcão,
 

Gonçalves, Alvares, 

Pestana, Van Zeller, Rodrigues and
 
Heleno 2013; Falcão, Matias, Pestana, Gonçalves, Araújo and 

Heleno 2014; Falcão, Matias, Pestana, Gonçalves and Heleno 2014) and simulation and interpretation 

of the November 1997 flood (Araújo, Pestana, Matias, Roque, Trigo-Teixeira and Heleno 2013). An 

article with the final results from the research project is currently in preparation by the author. 

Part of the results presented in this thesis along with the results of the simulations for the 

November of 1997 and for the February of 2001 floods also performed by the author have already 

been given to the Portuguese Environmental Agency (APA) on the scope of the implementation of the 

European Directive 2007/60/EC of 23 of October of 2007 for the elaboration of inundation risk maps 

and for the evaluation and management of flood risk for the most important Portuguese watersheds. 

Therefore, this study has already contributed to the flood hazard mapping in the Tagus River Basin. 
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6. Appendix 

6.1. Appendix A: Interaction of Electromagnetic 

Waves with the Earth’s Atmosphere 

 

Water in gas phase in the atmosphere absorbs about 70% of all atmospheric radiation. Certain 

wavelengths excite the water molecules which then release the energy in the form of photons. So the 

water molecules absorb electromagnetic radiation according to the radiation wavelengths (see Figures 

6.1 and 6.2). Other molecules present on the atmosphere, such as CO2, O3, NO2, CO, CH4, O2, NO2 

and N2 also absorb electromagnetic waves. The water molecule has three types of transition that can 

absorb electromagnetic radiation: 1) rotational transitions which give rise to absorption from the far-

infrared to the microwave region of the spectrum; 2) vibrational transitions which give rise to 

absorption in the mid-infrared in the regions around 1650 cm
−1

 (6 μm) and 3500 cm
−1

 (2.9 μm); 3) and 

electronic transitions on the ultraviolet region (Chaplin 2014). 

A simplified diagram of the relative atmospheric radiation transmission for different wavelengths is 

presented in Figure 6.3. 

 

 

Figure 6.1: Synthetic visible light absorption spectrum for H20 pure gas at a temperature of 239,798K 

and a pressure of 1 atm. Generated online with HITRAN (CFA and IAO 2014). 

 

 

Figure 6.2: Synthetic microwave absorption spectrum for H20 pure gas at a temperature of 239,798K 
and a pressure of 1 atm. Generated online with HITRAN (CFA and IAO 2014). The values of 

absorption (between 0.002 and 0.0033) are much lower than the absorption values observed for the 
visible spectrum (between 0 and 0.011) on the previous Figure. 
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Figure 6.3: Diagram of the relative atmospheric radiation transmission for different wavelengths. Blue 
zones mark minimal passage of incoming and/or outgoing radiation; white areas denote atmospheric 
windows, in which the radiation doesn't interact much with the molecules present in the air and isn't 

absorbed. After Short (2005). 

 

The electromagnetic waves absorption while propagating on a determined medium can also 

be explained in terms of classical optics. The refractive index or index of refraction (n) of an optical 

medium is a dimensionless number that describes how radiation propagates through the medium: 

n = c / v      (6.1) 

where c is the speed of radiation (of light) in vacuum and v is the speed of the radiation in the medium. 

In the present case the medium is air, therefore (see Figure 1.6): 

                   (6.2) 

 

 

Figure 6.4: The change in wavelength of a wave propagating on air (Adapted from Stone and 

Zimmerman 2011). 

 

Nowadays there are two main approaches on calculating the refractive index of air for a given 

wavelength of electromagnetic radiation, given certain atmospheric conditions (air temperature, 

pressure, and humidity), namely Edlén (Edlén 1966; Birch and Downs 1993, 1994) and Ciddor (1996). 

This last approach also takes into consideration the carbon dioxide content. Tools for calculating the 

refractive index of air for different atmospheric conditions are available online (for example, Stone and 

Zimmerman 2011). 

 

http://en.wikipedia.org/wiki/Optical_medium
http://en.wikipedia.org/wiki/Optical_medium
http://en.wikipedia.org/wiki/Dimensionless
http://en.wikipedia.org/wiki/Radiation
http://en.wikipedia.org/wiki/Speed_of_light
http://en.wikipedia.org/wiki/Vacuum
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Another way to define the absorption of electromagnetic waves in a certain medium is to take into 

account a complex index of refraction, where the real part indicates the phase velocity, while the 

imaginary part κ indicates the amount of absorption loss (Segelstein 1981):  

     (6.3) 

Inserting this refractive index into the expression for electric field of a plane electromagnetic wave 

traveling in the -direction, considering λ0 as the vacuum wavelength, n the refractive index, k the 

angular wavelength and ω the angular frequency: 

       (6.4) 

 

     (6.5) 

So, κ gives an exponential decay and since the intensity is proportional to the square of the electric 

field, the absorption coefficient becomes, according to the Beer–Lambert law: 

      (6.6) 

κ and n depend on the frequency. If κ>0 electromagnetic radiation is absorved. 

 

 

 

 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Electric_field
http://en.wikipedia.org/wiki/Plane_wave
http://en.wikipedia.org/wiki/Absorption_coefficient
http://en.wikipedia.org/wiki/Beer%E2%80%93Lambert_law
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6.2. Appendix B: One-Dimensional Random Rough 

Surface Scattering 

 

If two plane waves are incident on a flat surface, they are specularly reflected and do not interfere as 

specular reflected waves are in phase with each other (Figure 6.5). But if plane waves are incident on 

a rough surface (Figure 6.6), the two reflected waves have a path difference of (Tsang, Kong and Ding 

2000): 

    2h cosθi      (6.7) 

where θi is the incidence angle. Therefore, the phase difference Δφ will be: 

Δφ = 2kh cosθi      (6.8) 

where k is the wavenumber. If h is small comparing with the wavelength λ, the phase difference is 

neglectible. Otherwise, the reflected waves will interfere and can “cancel” each other, and the 

scattered wave can be “diffracted” into other directions. In this case, specular reflection will thus be 

reduced. 

 

 

Figure 6.5: Specular reflection of a plane wave incident on a flat surface. After Tsang, Kong and Ding 

(2000:391). 

 

 

Figure 6.6: A plane wave incident on a rough surface. After Tsang, Kong and Ding (2000:391). 
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A surface is usually considered rough if 

h > (λ/8) cosθi      (6.9) 

On this section one considers the case of an incident wave ψinc(r) on a rough surface that obeys the 

wave equation: 

                                   (6.10) 

 

Here the height function z = f(x,y) describes the rough surface. 

 

In order to solve the wave equation, several approximations need to be made. Two commonly 

used boundary conditions are the Dirichlet and the Neumann boundary conditions. The Dirichet 

condition states that ψ=0 at the rough surface boundary. This corresponds, for the electromagnetic 

wave scattering by a one-dimensional rough surface, to a transverse electric wave
11

 colliding with a 

perfect conductor, being ψ the electric field. 

The Neumann condition states that at the rough surface boundary condition the normal 

derivative is null: 

                  (6.11) 

 

For the electromagnetic wave scattering by a one-dimensional rough surface this condition 

corresponds to a transverse magnetic wave
12

 impinging upon a perfect electric conductor, being ψ the 

magnetic field. 

There are two main methods to obtain the scattered wave field: the small perturbation method 

and the Kirchhoff approach. On this section one will only show the results of the Kirchhoff approach. 

 The Kirchoff approach uses the tangent plane approximation, in other words, it assumes that 

the fields at any point on the surface are approximated by the fields that would be present on the 

tangent plane at that point (see Figure 6.7). This is only true if every point of the rough surface has a 

radius curvature larger than the wavelength of the incident field. 

 

                                                      
11

 A transverse electric wave is a wave where the electric field is perpendicular to the direction of propagation of 

the wave. 
12

 A transverse magnetic wave is a wave where the magnetic field is perpendicular to the direction of propagation 

of the wave. 
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Figure 6.7: The surface field tangent plane at (x,f(x)). After Tsang, Kong and Ding (2000:391). 

 

The Dirichlet boundary condition to the one-dimensional random rough surface scattering of Figure 6.6 

is: 

                                (6.12) 

 

The incident wave vector, the incident wave vector components and the incident wave function are 

given by: 

 

                   (6.13) 

 

                 (6.14) 

 

                      (6.15) 

 

                                                        (6.16) 

 

 

Assuming both shadowing and multiple scattering are neglectible, one obtains for the scattered wave 

field (see Tsang, Kong and Ding (2000) for the demonstration): 

 

         (6.17) 
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with the scattered wave vector: 

                          (6.18) 

 

                           (6.19) 

 

                           (6.20) 

 

 

and defining the kd vector as: 

 

      (6.21) 

 

A bistatic radar system is a system which comprises a transmitter and receiver which are 

separated by a distance that is comparable to the target S distance (see Figure 6.8). The incoherent 

bistatic scattering coefficient is a measurement of the radar cross-section per unit area: 

                          (6.22) 

 

where A0 is the illuminated area, R0 is the range from the centre of the illuminated area of the surface 

to the point of observation or receiver, E0 denotes the magnitude of the incident field, and Epq is the 

scattered field from the rough surface. {p, q} denote the horizontal or vertical polarizations. 
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Figure 6.8: Geometry of a surface scattering on a bistatic radar system. After Bourlier, Berginc and  

Saillard (2001:121). 

 

 

For the Kirchhoff approach the scattering coefficient is given by: 

 

  (6.23) 

 

 

where W is the mth-order spectrum density of the height function: 

 

            (6.24) 

 

and C(x) the Gaussian correlation function. 

 

In the backscatter direction θs = - θi one obtains: 

 

 (6.25) 
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Now, by applying the Neumann boundary condition to solve the wave equation for the Kirchhoff 

approach, at z = f(x): 

 

              (6.26) 

 

one obtains for the scattered wave field: 

        (6.27) 

 

This is the same as the scattered field with the Dirichlet boundary condition (equation 6.17) except for 

the sign difference. The bistatic scattering coefficient is identical to the Dirichlet case. For the full 

derivation of the results on this section please refer to Tsang, Kong and Ding (2000). 
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6.3. Appendix C: Notes on the Navier-Stokes 

Equation 

 

6.3.1. Derivation of the Navier-Stokes Equations of Motion 

 

Consider Cauchy’s equation of motion for an ideal fluid, considering the ith component of force exerted 

on a dyed blob of fluid with surface S by the surrounding fluid (Acheson 2005): 

      𝜌
𝐷𝑣𝑖

𝐷𝑡
=

𝜕𝑇𝑖𝑗

𝜕𝑥𝑖
+ 𝜌𝑔𝑖          (6.28) 

where Tij are the components of the stress tensor, vi the components of the velocity vector, ρ the 

constant density and gi the body force components by unit mass. The component Tij is the i-

component of stress on a surface element δS of the fluid which has a unit normal n pointing in the j-

direction (Figure 6.9).  

Note that the operator  
𝐷𝑓

𝐷𝑡
  denotes the rate of change of the quantity of interest in the fluid 

motion f(x,y,z,t)  “following the fluid” and is therefore equivalent to: 

 

    
𝐷𝑓

𝐷𝑡
=

𝜕𝑓

𝜕𝑡
+ (𝑣 ∙ ∇)𝑓       (6.29) 

 

 

Figure 6.9: The stress tensor on a surface element δS of the fluid. After Acheson (2005:203). 

 

Stokes deduced an equation for Tij based on three hypotheses, considering a Newtonian viscous fluid 

of kinematic viscosity Ʋ (Acheson 2005): 

1) Each Tij should be a linear function of the velocity gradients  
𝜕𝑣1

𝜕𝑥1
, 

𝜕𝑣1

𝜕𝑥2
, etc; 

2) Each Tij should vanish if there is no deformation of the fluid elements during the flow; 
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3) There is isotropy on the physical properties of the fluid, therefore the relationship between T ij 

and the velocity gradients should be isotropic. 

𝑇𝑖𝑗 = −𝑝𝛿𝑖𝑗 + 𝜐 (
𝜕𝑢𝑗

𝜕𝑥𝑖
+

𝜕𝑢𝑖

𝜕𝑥𝑗
)     (6.30) 

In this case the stress tensor is symmetric: 

     Tij = Tji          (6.31) 

and the components of the stress tensor are (Figure 6.10): 

𝑇11 = −𝑝 + 2𝜐
𝜕𝑣1

𝜕𝑥1
     (6.32) 

    𝑇22 = −𝑝 + 2𝜐
𝜕𝑣2

𝜕𝑥2
          (6.33) 

    𝑇33 = −𝑝 + 2𝜐
𝜕𝑣3

𝜕𝑥3
                                 (6.34) 

    𝑇23 = 𝑇32 = 𝜐 (
𝜕𝑣3

𝜕𝑥2
+

𝜕𝑣2

𝜕𝑥3
)          (6.35) 

   𝑇31 = 𝑇13 = 𝜐 (
𝜕𝑣1

𝜕𝑥3
+

𝜕𝑣3

𝜕𝑥1
)                         (6.36) 

    𝑇12 = 𝑇21 = 𝜐 (
𝜕𝑣2

𝜕𝑥1
+

𝜕𝑣1

𝜕𝑥2
)                   (6.37) 

 

 

Figure 6.10: Three components of the stress tensor Tij. After Acheson (2005:2004). 
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Note that the pressure p at a certain point is the negative of the mean of the three normal stresses, 

that is: 

  𝑝 = −
1

3
(𝑇11 + 𝑇22 + 𝑇33)             (6.38) 

By substituting equation 6.30 into Cauchy equation of motion 6.28, one obtains, assuming a constant 

viscosity Ʋ: 

𝜌
𝐷𝑣𝑖

𝐷𝑡
=

𝜕𝑇𝑖𝑗

𝜕𝑥𝑖
+ 𝜌𝑔𝑖 = −

𝜕𝑝

𝜕𝑥𝑖
+ 𝜐

𝜕

𝜕𝑥𝑖
(

𝜕𝑢𝑗

𝜕𝑥𝑖
+

𝜕𝑢𝑖

𝜕𝑥𝑗
) + 𝜌𝑔𝑖 = −

𝜕𝑝

𝜕𝑥𝑖
+ 𝜐

𝜕

𝜕𝑥𝑖
(

𝜕𝑢𝑗

𝜕𝑥𝑖
) + 𝜐 (

𝜕2𝑢𝑖

𝜕2𝑥𝑗
) + 𝜌𝑔𝑖     (6.39) 

Knowing that for an incompressible fluid, matter does not accumulate anywhere and equal volumes of 

incompressible matter must move in and out of any closed surface by unit time, the divergence of the 

velocity field must be null: 

∂v𝑗

∂x𝑗
= ∇ ∙ 𝑣 = 0                  (6.40) 

One then obtains the Navier-stokes equations of motion for a Newtonian incompressible fluid: 

𝜌
𝐷𝑣

𝐷𝑡
= 𝜌 (

𝜕𝑣

𝜕𝑡
+ (𝑣 ∙ ∇)𝑣) = 𝜌𝑔 − ∇𝑝 + 𝜐∇2𝑣               (6.41) 

 

The kinematic viscosity Ʋ is defined by: 

        Ʋ = 𝜂 𝜌⁄              (6.42) 

𝜂 is the dynamic or shear viscosity and is a measure of how strongly the moving layers of fluid are 

coupled by friction. The kinematic viscosity takes into account the cases where the flow is driven by 

inflow of the fluid with a certain velocity, rather than being controlled by external pressure. In this 

cases, for example, air can be more viscous than water. 

Furthermore, g is the acceleration field of the body forces: 

g=f/ρ                 (6.43) 

where f represents the body forces per unit volume acting on the fluid (such as gravity, centrifugal and 

Coriolis forces and electromagnetic forces). 

For more details on the Navier-Stokes equations see Acheson (2005) and Lautrup (2005).  

 

 

 

 

http://en.wikipedia.org/wiki/Body_force
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6.3.2. Dimensional Analysis: Reynolds Number 

 

Consider a viscous fluid in motion with V as a typical flow speed and L a characteristic length scale of 

the flow. One can then define a pure number called the Reynolds number as (Acheson 2005; Lautrup 

2005): 

R = VL / Ʋ                  (6.44) 

where Ʋ is the kinematic viscosity. 

Therefore the derivatives of the velocity components, such as  
𝜕𝑣

𝜕𝑥
 are of the order of V/L, and the 

second derivatives, such as  
𝜕2𝑣

𝜕2𝑥
 , of the order of V/L

2
. So, in the Navier-Stokes equation the orders of 

magnitude of the inertia and viscous term are: 

 

Inertia term: |(𝑣 ∙ ∇)𝑣| = 𝑂(𝑉2/𝐿)            (6.45) 

Viscous term: |𝜐∇2𝑣| = 𝑂(𝜐𝑉/𝐿2)               (6.46) 

and therefore: 

|𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑡𝑒𝑟𝑚|

|𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑡𝑒𝑟𝑚|
= 𝑂 (

𝑉2/𝐿

𝜐𝑉/𝐿2) = 𝑂(𝑅)               (6.47) 

 

The Reynold number can therefore give an indication of the relative magnitudes of the inertia and 

viscous terms on the Navier-Stokes equations. If R<<1, the viscous term is significant. In this case 

there is no sign of turbulence, the flow is well ordered and approximates reversibility and there is no 

advection. If R>>1, the viscous effect should be neglectible, and we can approximate the Navier-

Stokes equation by the Cauchy motion equation for an ideal fluid (Equation 6.28). The flow is orderly 

and layered (laminar). But for high numbers of R, steady flows often become unstable to small 

disturbances and may become turbulent. 


