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ABSTRACT

In the second half of the 20" century and in the beginning of this new century the
world has witnessed a historic increase in urban population. This demographic reality
implies a greater exposure and vulnerability of these populations to risks of natural
and anthropogenic origin. Urban flooding associated with heavy rainfall fits under
both these risks. One consequence of changes to the natural hydrological cycle, e.g.,
lower infiltration capacity by ground-sealing, combined with population growth and
the concentration of economic activities, is a heightened awareness of the increased
occurrence and magnitude of urban floods, not to mention the associated loss of
tangible and intangible assets. A thorough understanding of the reasons underlying
this reality is thus fundamental to the development of tools (e.g., plans, models and
techniques) to mitigate the consequences of intense rainfall over urban areas.

The main objective of this thesis is to contribute to a better understanding of the
processes associated with urban flooding caused by heavy rainfall. Particular
attention has been paid to the analysis of the effects triggered by the simultaneous
occurrence of wind and rain on overland flow in urban areas, a subject on which
there are not very many studies.

The research work that establishes the foundation of this thesis was mainly based on
physical simulations in the laboratory. Computer simulation techniques were also
used, in particular to develop a digital terrain model and obtain runoff hydrographs
associated with moving rainstorms, by means of numerical approximation and
analytical derivation. Simulated rainfall tests were performed on physical models of
urban areas. The rainfall simulator consisted of a movable structure with nozzles
which could generate wind speed fields. These laboratory tests were applied to
several scenarios with different precipitation intensity conditions (e.g., stationary and
moving rainfall, with and without wind). These scenarios made it possible to study
how the density, height and rooftop connectivity of buildings influence overland flow.
Laboratory tests were also carried out to investigate how the configuration of
hillslopes influences overland flow and sediment loss, under static and moving
intense rainstorms. Computer simulation was used to establish comparisons with
some of the laboratory tests’ observations and to perform an applied GIS-based study
of the temporal evolution of urban occupation.



From the results obtained it can be concluded that the combined action of wind,
rainfall and storm movement causes significant and systematic changes on overland
flow. Peak and time of base flow are particularly affected by these actions.

The research carried out with physical models also showed that different
characteristics of the urban structure (e.g., density of high-rise buildings), under the
same rainfall conditions, led to different overland flow hydrographs and that, in
natural surfaces, hillslope configuration is a key factor in overland flow and water
erosion processes.



RESUMO

Na segunda metade do século XX e no inicio deste novo século tem-se assistido a um
aumento histérico da populacao urbana. Esta realidade demografica acarreta uma
maior exposicdo e vulnerabilidade destas populacdes aos riscos de origem natural e
antrdpica. As cheias urbanas associadas a precipitagcdes intensas enquadram-se em
ambos estes riscos. Efeito das alteragdes ao ciclo hidrolédgico natural, e.g., diminuicao
da capacidade de infiltracao por impermeabilizacao do terreno, e da maior
concentracao de habitantes e de atividades econdmicas, é percetivel o aumento da
ocorréncia e da magnitude de cheias em areas urbanas, bem como das perdas
tangiveis e intangiveis associadas. Um profundo conhecimento das razdes que levam
a esta realidade é pois fundamental para a criacdo das ferramentas (e.g., planos,
modelos e técnicas) que permitam mitigar os efeitos decorrentes das precipitacées
intensas em meio urbano.

O principal objetivo desta tese é o de contribuir para um melhor conhecimento dos
processos associados as cheias urbanas causadas por precipitacdes intensas. Para o
cumprir foram investigados diversos aspetos sobre o processo de precipitacao-
escoamento. Foi dada particular importancia a analise dos efeitos causados pela
ocorréncia simultanea de vento e chuva no escoamento superficial em zonas
urbanas, tema sobre o qual existem poucos estudos.

A atividade de investigacdao que consubstancia esta tese baseou-se principalmente na
simulacdo fisica em laboratério. Foram também utilizadas técnicas de simulacado
computacional, nomeadamente para desenvolver um modelo digital de terreno e
obter — por aproximacdao numérica e derivacdo analitica — hidrogramas de
escoamento superficial associados a chuvas méveis. Recorrendo a um simulador de
chuva foram realizados ensaios de precipitacdao simulada sobre modelos fisicos de
zonas urbanas. O simulador de chuva consiste numa estrutura moével onde podem ser
adaptados nebulizadores e a partir da qual é possivel gerar campos de velocidade do
vento. Estes ensaios foram realizados sob varios cendrios com diferentes condicdes
de precipitacdo intensa (e.g., chuvadas estaticas e mdveis, com e sem vento). Estes
cenarios permitiram estudar a influéncia que a densidade, altura e conectividade de
coberturas de edificios tém no escoamento superficial. Foram também realizados
ensaios laboratoriais para investigar de que forma a geometria das encostas
influencia o escoamento superficial e o transporte de sedimentos, para chuvas
estaticas e moveis de elevada intensidade. A simulagao computacional foi utilizada
para estabelecer comparagcdes com algumas das observagdes realizadas em
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laboratdrio e para realizar um estudo aplicado, com base em modelos SIG, sobre a
evolucao temporal da ocupagao urbana.

Com os resultados obtidos pode concluir-se que a agao combinada do vento e da
chuva e o movimento das células de precipitacao provocam alteragdes significativas e
sistematicas no escoamento superficial. Os caudais de ponta e os tempos de base do
escoamento sao particularmente afetados pelas a¢des referidas.

O trabalho realizado com base em modelos fisicos permitiu também constatar que
diferentes caracteristicas do edificado (e.g., densidade de edificios altos) conduziram,
para as mesmas condi¢des de precipitacao, a obtencao de diferentes hidrogramas de
escoamento superficial e que, em superficies naturais, a forma das encostas € um
fator preponderante para os processos de escoamento superficial e erosao hidrica.

Vi



ACKNOWLEDGEMENTS

A PhD thesis can be seen from two orthogonal perspectives: a horizontal plane,
where a large tangle of paths is visible (almost to the horizon) and a vertical plane full
of high’s and low’s that, from this instant and point of view, looks somewhat like a
rollercoaster. Completion of this thesis would not have been possible without the
people that helped me choosing the most fruitful paths and showing me that after a
big dive, a fast rise is always near. It is to those people that the next words are
addressed.

First of all to my scientific supervisor, Professor Joao de Lima from the University of
Coimbra, whose creativity, objectivity, high quality standards and support allowed me
to take this task to completion. It was him who taught me what research really is.
Thank you very much Jodo for your time, patience and friendship.

To my research colleagues Ina Vertommen, Silvia Carvalho, Romeu Gerardo and
Diana Coimbra and to the members of the University of Coimbra faculty Jodo Vieira
and Jorge Leandro — all of them now good friends — for their advices, time spent on
fruitful discussion, helping in the laboratory experiments and friendship. To the latter,
especial thanks for the direct contribution to some chapters of this work are owed.
To Mr. Joaquim Cordeiro, technical assistant on the Laboratory of Hydraulics, Water
Resources and Environment, | wish to express my gratitude for his help on the
preparation of the rainfall simulator and the physical models.

To Professor Maria Isabel de Lima, from the Polytechnic Institute of Coimbra, to
which | am grateful for the fruitful discussions on some of the topics presented in this
thesis and for reviewing some of the papers submitted to journals and conferences.

To my friends and colleagues at University of Algarve for their support, opinions and
many, many hours of discussion about several issues related to this work. Among
others, | would like to express thanks to Carlos Silva, José Rodrigues and Rui Lanca. A
special recognition to David Pereira for his help on some computer-related issues is
particularly owed. To Vera Rocheta, my cabinet colleague, | must show gratitude for
her understanding of my lack of time and for having to listen for too many hours of
classical music...

Finally, | must address a special acknowledgement to my parents for their general
support and to Ana for... everything else!

vii






FINANCIAL SUPPORT

This thesis was partially funded by research project “Experimental and Numerical set-
up for validation of the Dual-Drainage (sewer/surface) concept in an Urban Flooding
framework” (PTDC/ECM/105446/2008) and PhD grant SFRH/PROTEC/49736/2009,
both supported by the Portuguese Foundation for Science and Technology (FCT).

During the course of this thesis (4 years), research was also partially funded by the
following projects supported from FCT:

POCI/AMB/58429/2004
PTDC/GEO/73114/2006
PTDC/CLI/67180/2006
PTDC/ECM/70456/2006
PTDC/AAC-AMB/101197/2008

An acknowledgement is owed to the following institutions and programmes that
provided financial support to this thesis:

European Regional Development Fund (ERDF), Operational Programme
‘Thematic Factors of Competitiveness' (COMPETE);

Institute of Marine Research — Marine and Environmental Research Centre
(IMAR—-CMA), Coimbra, Portugal;

University of Algarve (UAlg), Faro, Portugal;

Faculty of Sciences and Technology of the University of Coimbra (FCTUC),
Coimbra, Portugal.

FC1 o Y o
Fundagdo para a Ciéncia e a Tecnologia jurhean 5egons COMPETE imar f'"',,,

uropean
evelopment Fu
PROGRAMA GPERACICRAL FACTORES DE COMPETITIVL







CONTENTS

Y ofoT o T=J-To Te ITa Y4 o Yo (V14 To] o PO 3
1.1 Motivation and Research Context........ccccvvvviiiiiieiiieecieeceee e 3
1.2 Organization of the ThesSiS.....cccuiiiiiiiiiiee e 5
1.3 OBJECHIVES .evviei ettt e e e e s st e e e s s abae e e e e s baaeeeeenaraaeeeaans 6
1.4 Publications and CONFErENCES ......cccuuiiiiiiiiiieie e 7

2. Literature reVieW.......coiiveeeiiiiiiiniiiiiiiiiinirencnnesecsn s sssa s ssaas s s s saassens 15
2.2 0VErIand FIOW.....coomiiiiiiiece e e e 15

2.1.1 Components of surface flow........cccceeeeiiiiiiiiei, 15
2.1.2 Overland flow on urban areas — Conditioning factors ........ccccccevvveeeeeeee.n. 16
2.1.2.1 RAINTAll WaATeI e e 17
2.1.2.2 STOrM MOVEMENT ..eeiiiieiiieeeiiiie ettt e e e e e e e e 21
2.1.2.3 Wind-driven rainfall........cccoooiiiiiiie e 23
2.1.2.4 Land use and toOpography ....c.c.eeeeieiiiiiiiiciieee e 25

2.2 Urban FIOOMS. ....cuiiiiiiiee ittt ettt e e e e et e e e s ssaae e e e s nnaeee s 27
2.2.1 Flash floods in Urban areas ........ccocveeeiieeiiieeeeee e 28
2.2.2 Consequences of urbanization ........ccccceeeeeiiiiieee, 31
2.2.3 GIS-based flood Models...........cueeiiiiiiiiieiee e 33
2.3 Influence of Storm Movement and Wind-Driven Rainfall............cccccceviirniennee. 35
2.3.1 Overland flow in urban environmMeNnts..........ccoccveeiieriieiiienieeneeeeeeeen 35
2.3. 1.1 Field StUAI@S ..oooeieiiiiiiiiccee e 38
2.3.1.2 Laboratory eXperiments .....ccccoeceeeeiiiiiieceeecceee e 39
2.3.1.3 Numerical methods .........coooiiiiiiiiieee e 42
2.3.1.4 ANAlytical SOIULIONS ... 44
2.3.2 Overland flow on natural SUrfaces .........ccoceeeriieeiniieinie e 46
2.3.3 Applications in other fields of civil engineering .........ccccccovvvevieeeeeeecccnnnne, 49
2.4 NOTATION ittt e e 51
2.5 REFEIENCES ..ttt 51

Xi



3. Evolution of urbanization in a small urban basin: DTM construction for hydrologic
(0T 4] <1V L =1 4 o T 1N 65
70 R [ 41 o 7o [ o1 A o] o PP PP R OPRPTOPPRPUPRIO 65
3.2 Study Area DeSCriPtioN ..ccivuueieeicieiie ettt e e s 66
3.3 Geographical Information System Model .........ccccoviviiiiiniiiiii e 67
3.3.1 Geographical database ......ccccoeuuiiiiiiiiiii i 67
3.3.2 DTM CONSEIUCTION w.eiiiiiiiiiieiiiiceeteeee e 68
3.3.3 Drainage network representation ........cccccceeeeeeiiiiiiiiiicccceeeeee, 69

3.4 Evolution of the Urban Area..........cooviiiiiiiiiieeeeeee e 70
3.5 Flood EVEeNt EXamMPIE ccccceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 71
3.6 CONCIUSIONS ...ttt e et e et e s nne e e enneeeeas 72
3.7 ACKNOWIEAEEMENTS ....vviiiiiiiie e 73

R IR 23 = LT =T 0 [PPSR 73

4. Influence of wind-driven rain on the rainfall-runoff process for urban areas: Scale
model of high-rise buildings .......cccceiiiieiiiiiiiiicirrcrccrreccrree e reneesennes 77
vt N [ oY o o Yo [ o o PP UUUPPR RSP 77
4.2 Rainfall Simulator and Scale Model...........cccoriiiiiiiiie e, 79
4.2.1 The rainfall SImulator SYStEM ........evvviiiiiiiiiiieiiiiierererrrerrrrrrrrrerr———————————— 80
4.2.2 The SCale MOdel ...ooueiiiiieeeee e e 81
4.2.3 The flow meter and data collection SyStem ............euvvvvevvvveverneveeereeeeennnn, 82

4.3 Methodology and SimUIGtiONS ..........eeviiiiiiiiiiiiiiiiiiiiiiireiere ... 82
4.3.1 Calibration and validation...........ccccoveiiiiiiiiiiiii 83
4.3.2 Rainfall spatial distribution ..........cooooiiiiiiiiiii e 84
4.3.3 Wind characterization.......cc.cccceiiiiiiiiiiiiiiiciececc e 85
4.3.4 Simulated StOrm SCENATIOS .....ccccuiiiiiiiieiiiee et 86

4.4 ReSUltS and DiSCUSSION ......ueiiiiieieiiee ettt ettt s e s e e 88
4.5 Summary and CoNCIUSION ......ieiiiiiicccee e e 94
4.6 ACKNOWIEAZMENTS oo e e e e e e aee s 95
4.7 NOTAtION ...t 96
B.8 REFEIENCES ..ottt et et sbee s b e 96

Xii



5. The study of rooftop connectivity on the rainfall-runoff process by means of a

rainfall simulator and a physical model ..., 103
5.1 INEFrOAUCTION ..t 103
5.2 MEthOdOIOZY ....vviiiiiiiiiee e e s s rre e e 105

5.2.1 Rainfall SIMUIATOr ....cooiiiieiee e 105
5.2.2 PhySical MOl c.coueeiiieeiciiiee ettt e e 107
5.2.3 Rainfall and wind distribution..........ccocceeiriiiiiiiii e 108
5.2.3 Laboratory experiments procedure.........ccccceevveeiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeee, 109
5.3 SIMUIAtioN RUNS ...coiiiiiiieeee e s 110
5.4 RESUILS ...ttt e neeas 112
5.5 DISCUSSION ..eetiiiiiiiiiiiiiiiineit e 115
5.6 CONCIUSIONS ..ttt et e s e e e e e s ata e e e e s sabaaeeeensbaeeessnns 118
5.7 ACKNOWIEAZMENTS ...t e s e e e 119
5.8 NOTAtION e 120
5.9 RETEIENCES oottt e e e e e s s e e e e e sabae e e e e nbaeeeeaan 120

6. Laboratory simulation of the influence of building height and storm movement

on the rainfall-runoff process in iMpPervious areas......cc.ccceereerrenerencerencreeceranerennnns 127
6.1 INTFOAUCTION ...eiiiiieeee e e s 127
6.2 Laboratory Set-Up and Procedure........cccccvveeeeeeiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee, 128

6.2.1 Rainfall SIMUIATOr ....coouiiieeee e 129
6.2.2 Impervious flume and building elements.........cccceeeeeeeeecciiieieeeee e, 129
6.2.3 Rainfall and wind distributions ............cccceiviiiiiiiiiii 130
6.3 Results and DiSCUSSION.......coccuiiiiiiiiiiiie et 132
6.4 CONCIUSIONS ...iiiiiiiiiiiiccee e e s 135
6.5 AcknNoWIedgmMENtS ..cccoeeeeeeeeeeeeeeeee e, 135
6.6 REFEIENCES ....eeiieeeeee e e 135

7. An analytical closed form solution for 1D linear kinematic overland flow under

(30 T0XVZT 0 F= 38 = T4 £ o T 4 N 139
/2% g oY 1W o1 4 o Y o USSR 139
T 2 TREOIY e 141

Xiii



7.2.1 Solution of the 1D linear kinematic wave equation for downstream
(uniform) movement of @ StOrM Cell ...uuvvveiiiiiieeeee e, 143

7.2.2 Solution of the 1D linear kinematic wave equation for upstream (uniform)

movement of @ STOrmM Cell........iiiiiiiie e 145

7.3 Verification of the Analytical SOIULION.......ccooviiiiiiiiiiie e, 147
7.3.1 Comparison with another analytical solution .........ccceccveiiiniiiiiiiiciieeen, 147
7.3.2 Comparison with a numerical approximation ........ccccecccveveiviieeeinciieeeennne 149
7.3.3 Comparison with laboratory simulations ........cccccccevvviieiiiniiiieccieee e 151

7.4 APPHCALIONS oo 154
7.4 CONCIUSIONS .ttt ettt et e st e e e s st e e s s sabeeeessenraeeeenans 157
7.5 Acknowledgments ......oooeeeeiiieeeeeeeee e, 158
7.6 NOTATION . 158
A A 2= (=T =T 0 [0TSR SURUP 159

8. Incorporating moving storm effects into hillslope hydrology: results from
multiple-slope SOil fIUME.......ccuueiiieiircrrcrccrrccrr e rene e reneeesensessenes 165
8.1 INtrodUCiON ..ccciiiiiii 166
8.2 Methods and Materials ......c.uueeiiiiiiiiiiiiie e e e 167
8.2.1 Rainfall SIMUIATOr .....vviiii e 167
8.2.2 SOI FIUME et 169
8.2.3 Storm characterization ........coooviiieiiiiiiee e 169
8.2.4 Granulometric characterization.........cccueeviiiiieeiiniiiee e 170

8.3 ResuUlts and DiSCUSSION...cccoiuiiieiiiiiiiee ettt e e e e s e e e 170
8.3.1 Hydrographs and sediment fluX........cccceeeeeiiieicciiiiiieeee e, 170
8.3.2 Soil granulometric evolution ..........ccoovviiiiiiiiiiiiiiiieeeeeee, 173
8.3.3 Relation between the sediment transported and discharge .................... 174

8.4 CONCIUSIONS .ttt ettt e st e e e s s abe e e e s s sabbaeessnsbaeeessans 176
8.5 ACKNOWIEAZEMENTS ... e e 176
8.6 RETEIENCES oottt s s e st e e e s ba e e e e 176

9. Conclusions and future research......cc.cccciiveeiiiiiienniiiiiiiniiiini. 181
0.1 CONCIUSIONS ..ttt ettt e s et e e s st e e s e sabeeeessesreeeessans 181
9.2 FUTUIE RESEAICN...ciiiieiiiei et e e 185

Xiv



LIST OF FIGURES

Figure 2.1 Rain cells with intensity above 20 mm/h over the Portuguese Algarve
region, from 05:00am until 03:00pm of the 28™ November 2006 (left). Rain cell 9
speed during this period; dashed line is the rain cell mean speed (centre). Flooding in
downtown Faro as a consequence of rain cell 9 passage (right) ....ccccceeeeeeeevivvveeennennn. 18
Figure 2.2 Rainfall-runoff processes in the urban water cycle. Losses due to
interception, surface storage, infiltration and evapotranspiration are identified.
Dashed lines stand for indirect flow of water, which includes the fraction retrieved by
plants and then transpired and the fraction that reaches the drainage basin surface
[ Lo loNY T o Lo T = 1 (T 21
Figure 2.3 Example of disdrometer (Thies Clima) available in the Laboratory of
Hydraulics, Water Resources and Environment of the Civil Engineering Department of
the Faculty of Sciences and Technology, University of Coimbra.......cccccoeeeeiiiieeeeeeeennn. 24
Figure 2.4 Simplified scheme of the influence of wind on the terminal velocity of a
raindrop. Vg is the raindrop terminal velocity for windless conditions (vertical rainfall),
Vw is the horizontal wind velocity near the ground surface, Vypr is the wind-driven
affected raindrop terminal velocity and 0 is the angle of incidence of the rainfall..... 25
Figure 2.5 Uniform depth of water in a 1.0 m wide rectangular open channel with a
surface roughness Ks (Strickler coefficient) of 90 m*3.s?, for a flow of 100 I/s and
different SUrface SIOPES ....uviii i s 27
Figure 2.6 Sewer sink clogged due to accumulation of leafs and pine tree needles
carried by storm runoff (Quinta do Lago, Loulé, Portugal). The sewer sink trash rack
was found completely covered after a flooding event which occurred on the 29
September 2008 (left). A worker removes the accumulated leafs and pine tree
needles, uncovering the sewer sink trash rack (right) .......cccooovveeieeiiiiiiiiiiiieeee s 29
Figure 2.7 Urban flash floods due to short duration extreme intensity rainfall. On the
17t February 1972, 78.5 mm of rain fell in one hour (MWC, 2007) over the
Melbourne (Australia) business centre (left; Neville Bowler/Fairfax Syndication). On
the 20™ February 2010, from 9:00am to 11:00am, 223 mm of rainfall was measured
at the Pico do Arieiro (01/02M) meteorological station (de Lima et al., 2010), causing
42 deaths, 100 injured and millions of Euros in damages (Luna et al., 2011) that are
currently still being repaired (right; Octavio PassoS/AP) ......ccoeeeeceeeeceeeecieeeereeeenen. 30
Figure 2.8 Schematic hydrographs helps to illustrate the influence of urbanization in
overland flow diSCharge..... ... 32

XV



Figure 2.9 1960 RADAR image of Hurricane Abby approaching the coast of British
Honduras, nowadays Belize. The complete eyewall cloud is perfectly defined (United
States National Oceanic and Atmospheric Administration).......ccccccvvvvieeeeiniiieneennnee. 37
Figure 2.10 A physical model of an urban area densely occupied by high-rise buildings
is tested on the laboratory to obtain experimental data of the relation between
building density, storm movement, wind-driven rainfall and overland flow. In these
experiences, elements representing buildings could be removed and repositioned in

order to obtain different building occupation densities .........cccccvevevcieeeeiiiiieeeeniinenn. 41
Figure 3.1 Location of Algarve and Cabanas de Tavira in the south of Portugal ......... 67
Figure 3.2 Water courses in the Cabanas de Tavira urban area .......cccccceevevveeeennnnnn. 67
Figure 3.3 Drainage network: (a) GRID; (b) flow directions; and (c) flow lines ........... 69
Figure 3.4 Cabanas de Tavira GIS image.......ccccceeeeeeiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee, 70
Figure 3.5 Development of the urban area in Cabanas de Tavira from 1991 to 2005
(SEE AISO TADIE 1) weeeieiiiieeeeeeee e e e e e e e e e e e e e e e e e saarrarareaeaeeas 71
Figure 3.6 Flood in Ribeira do Pocinho on 2" October 2007, next to tourist housing..
....................................................................................................................................... 72

Figure 4.1 Rainfall simulator and electric fan system on a structure (a), scale model of
a hypothetical high density urbanized area with high-rise buildings (b) and static
pressure meter placed at the bottom of a cylindrical reservoir and data collecting

3 ] =11 4 1 (e} ST RO PP 80
Figure 4.2 Constant pressure nozzle: hydraulic system scheme (a) and photograph of
the 0perating SYStEM (D) ..ueeeei i e e 81
Figure 4.3 Scale model: conceptual representation of building elements .................. 82

Figure 4.4 Distribution of simulated rainfall intensity (isohyets every 25 mm/h) under
the nozzle: without wind (a); with wind (b). Sketch of rainfall cell movement along the

Y or= | (=N e Yo [ N (o) IS 85
Figure 4.5 Wind speed fields at 0.15 m (a), 1.00 m (b) and 2.00 m (c), from the fans.
Sketch of wind speed fields’ positions relative to the fans (d).......ccccovvveeeeeeeieeccnnnneee. 86
Figure 4.6 Density of the high-rise building blocks used on the scale model.............. 87

Figure 4.7 Notation used to define the hydrologic variables obtained through the
experimental Nydrographs. ... 88
Figure 4.8 Dimensionless overland discharge hydrographs for: a) static rainfall
without wind; b) static rainfall with wind; c) uphill moving rainfall without wind; d)
uphill moving rainfall with wind; e) downhill moving rainfall without wind; f) downhill
moving rainfall With Wind ... e 91

XVi



Figure 4.9 Uphill vs. Downhill dimensionless peak discharges for moving storms,
without and with wind (in the legend ‘W’ refers to simulations with wind)................ 94
Figure 4.10 Dimensionless hydrograph’s rising limb angle (a*) for different high-rise
building densities for (a) no-wind rainfall and (b) wind-driven rainfall scenarios ....... 94

Figure 5.1 Left: Sketch of rainfall simulator comprising the pressurized system,
moving structure and set of fans. Top right: Detail of constant pressure system and
nozzle. Bottom right: Discharge measuring system consisting of a recipient equipped
with a pressure sensor and data l0ZEEr .....occvvieiiiiiiiie i 106
Figure 5.2 Physical model. Left: Stand with steel sheet surface. Right: Building
element made of expanded PolyStyrene.......oeveveveeeeiieeeieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee, 107
Figure 5.3 Spatial distributions of the storm cell rainfall intensity. Top: without wind.
Bottom: with wind (and wind-speed spatial distribution at 1.35 m from the nozzle).

Wind speed measured above physical model with no buildings ..........ccccvvvvvvvivinnnnes 108
Figure 5.4 Sketch of the drainage basin geometry, storm movement directions,
hydraulic circuit of the rainfall simulator, outlet and data collection........................ 109
Figure 5.5 Rooftop connectivities used in the simulations ........ccccceevveveveeeeenenenenenn, 111

Figure 5.6 Discharge hydrographs. Top: Static storms; Centre: Downstream storms;
Bottom: Upstream storms. Left: No-wind; Right: Wind-driven. The obtained peak
flows are shown in the hydrographs .........eeeeeirieiiiiieiiiiieeeeirerrrrrererrrerererr———————————— 113
Figure 5.7 Notation used for the variables retrieved from the hydrographs. Discharge
obtained from the output of the pressure sensor .......ccccccvvvevvvevevieeeeeeeeeeeeeeeeeeeeeeee, 114
Figure 5.8 Variables retrieved from the hydrographs as a function of rooftop
connectivity. Top: Maximum peak discharges; Centre top: Base time of runoff; Centre
bottom: Time of runoff initiation; Bottom: Slope of the rising limb of the hydrograph,
for all rooftop connectivities and storm types; Left: no-wind rainfall; and Right: wind-
AriveNn FaiNTall....cco i e e e 116

Figure 6.1 Experimental set-up comprising a wind-driven rainfall simulator (1, 2 and
5), an impervious flume (4) and polystyrene elements representing buildings (3)
(elements with 0.20 m height, in the photograph) ......ccccceeeeeeiiiiieieeieeeeeee, 129
Figure 6.2 Spatial distribution of simulated rain cells rainfall intensities (mm/h) at the
flume surface: Top: no-wind scenario; Bottom: wind-driven scenario...................... 130
Figure 6.3 Wind speed field (m/s) at vertical plane 1.00 m away from of the set of
fans. Height is measured upwards from the flume geometrical centre .................... 131
Figure 6.4 Sketch of different scenarios used in the laboratory experiments: a) static
storm; b) upstream moving storm; and c¢) downstream moving storm. No-wind (left)
and wind-driven (right) rainfalls are presented for each storm scenario................... 132



Figure 6.5 Experimental hydrographs. Left: no-wind rainfall; Right: wind-driven
rainfall. Up: static storms; Centre: upstream moving storms; Bottom: downstream
moving storms. Different building heights are represented by different colours..... 133
Figure 6.6 Runoff peak discharges (left, in I/s) and base times (right, in s) obtained for
all the storm types and building heights. Different building heights are represented by
different colours). In the figure NW stands for No-Wind rainfall and W for Wind-
Ariven rainfall ... ... e e e e e e aaaes 134
Figure 6.7 Comparison of runoff peak discharges for the scenarios with and without
buildings, no-wind and wind-driven rainfall. Different building heights are
represented by different colours. Storm types (static, upstream and downstream) are
Y o T=Tol 1 1 T=Te [P 134

Figure 7.1 Sketch of a storm cell moving over a plane surface with unit width.
“Downstream” refers to the storm cell’s movement in the flow direction............... 144
Figure 7.2 Sketch of a storm cell moving over a plane surface with unit width.
“Upstream” refers to the storm cell’s movement opposite to the flow direction .... 146
Figure 7.3 Flood hydrographs obtained with the analytical solutions presented in this
study and in Singh (1998) for (left) downstream and (right) upstream storm
00 T0)VZ=T 0 aT=T o | £SO PP PPTPPPP P PPPPPPPTIPN 149
Figure 7.4 Analytical solution and numerical approximation (presented in de Lima and
Singh (2002)) of flood hydrographs for (left) downstream and (right) upstream storm
(00T )VZ=T 0 aT=T o | £SO PP PPTPPPP P PPPPPPTIPR 151
Figure 7.5 Sketch of the laboratory experiments. The simulated storm cell, generated
by a moving sprinkler, moves over the laboratory flume .......ccccccoeveeiiiiiiviieeeeecies 151
Figure 7.6 3D representation of the rainfall spatial distribution under the nozzle ... 153
Figure 7.7 Analytical solution and experimental simulation of flood hydrographs for
(left) downstream and (right) upstream storm movement .........ccccceeeeeeveciiivveeennnnn. 153
Figure 7.8 Entire time-space domain hydrographs provided by the analytical solution
for a catchment 100 m long and with a hydraulic coefficient (o) of 2.0, caused by a
storm cell moving with a velocity of 0.5 m-s™ and having 2.78:10° m-s™ (100 mm-h™)
rainfall intensity and a length of 250 m, for (left) downstream and (right) upstream
STOIM MOVEIMEBNTS ... et e e s e e e e e e b e s e e eeeeeesnanaas 155
Figure 7.9 Hydrographs for a catchment with a length of 500 m, a slope of 1.0% and
Strickler roughness coefficient of 100 m'3.s? (a=10), caused by storm cells of (top)
100 m, (middle) 500 m and (bottom) 1000 m length and with a rainfall intensity of
2.78:10° m-s* (100 mm-h™) moving (left) downstream and (right) upstream, at a
velocity of 0.5, 1.0 and 5.0 1S oot e et et e e et ea et e s e et es e et eree et eree et erens 156

XViii



Figure 7.10 Discharge vs. drainage surface length in t=20, 40 and 60 s for (left)

downstream and (right) upstream storm movements.........ccccoeeecciiiieeeeeeeeeecccinneene, 157
Figure 8.1 Rainfall simulator system and soil flume...........ccoooiiiiiiiniiii e 168
Figure 8.2 Position of nozzles, rainfall simulator movement and discharge point
regarding the SOIl flUME ......ooe i e e e e 168
Figure 8.3 Hillslope types used in the laboratory experiences ........ccccccvvcvveeeercnnenn. 169

Figure 8.4 Runoff hydrographs and respective sediments fluxes for different storms
and hillslopes types, for MOVING rains .......occcuiiiiiiiiiiie e 171
Figure 8.5 Runoff hydrographs and respective sediments fluxes for different storms
and hillslopes types, for statiC rains. .......cvevvveieeeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e, 172
Figure 8.6 Percentages of the sand, silt and clay by the different storm types and
0111 [0 1= 173
Figure 8.7 Relation between the sediment flux and discharge by the different
combinations of the storm and hillslope types: Downhill moving storm (a); Uphill
moving storm (b); Static — P1 (c); Static — P2 (d) and Static = P3 (€) ...cccovvvrveeeeeereennnns 174

Xix






LIST OF TABLES

Table 1.1 Articles in international journals (SCl-indexed) or journals type A or B

(FCTUG) i, 8
Table 1.2 Articles in proceedings of international conferences........ccccccvveeeeeeeeccnnnnneee. 9
Table 1.3 Abstracts and extended abstracts of international conferences. ................ 10
Table 1.4 Articles in proceedings of national (Portuguese) conferences. ................... 12

Table 1.5 Abstracts and extended abstracts of international (Portuguese) conferences

....................................................................................................................................... 71
Table 4.1 Duration of rainfall and simulator speed for different storm scenarios...... 84
Table 4.2 Scenarios used in the SIMUIatioNs ..........ceeeiiiiiiiiciee e, 87

Table 4.3 Observed peak discharge, time to peak discharge, slope of the rising limb of
the hydrograph, base time of runoff and average discharge, for all the experimental

Table 4.4 Relative differences of peak discharges (AQpre') for the with- and without-

wind storms, for all the simulated scenarios’ combinations (values in %) .................. 93
Table 5.1 Storm types used in the laboratory simulations ..........ccccoeeceiiviieeeeeeienens 111
Table 5.2 Rooftop connectivities used in the laboratory simulations (see Figure 5.5)
..................................................................................................................................... 112
Table 5.3 Parameters obtained directly from the discharge hydrographs (see Figure
ST ) PRSP 114

Table 8.1 Runoff hydrographs and respective sediments fluxes for different storms
and hillslopes types, for MOVING rains ........ccceeveeeeiiieiiiieeeeee e 173

XXi






CHAPTER 1

El habitante urbano que la observa a diario, docil a sus necesidades, bajar
mansa de la llave, no tiene idea de su idiosincrasia. No imagina con cudnta
paciencia y astucia hay que manejar a esta nuestra gran amiga-enemiga, cudn
a fondo hay que entender su indole altiva para poder someterla y doblegarla;
como hay que "dorarle la pildora" para reducirla a nuestra voluntad,
respetando -sin embargo- la suya. Por eso, el hidrdulico ha de ser, ante todo,
algo asi como un psicologo del agua, conocedor profundo de su naturaleza.

Enzo Levi






1. SCOPE AND INTRODUTION

This thesis fits in the field of urban hydrology. The work addresses the influence of
storm movement and wind-driven rain on the rainfall-runoff process in urban areas.
The role of urbanization in the water cycle is also considered. The relation between
some characteristics of urban areas (high-rise building density, building height and
rooftop connectivity) and the resulting overland flow hydrographs for wind-driven
moving storms over impervious surfaces are discussed. A study on the influence of
hillslope configuration on overland flow and sediment loss is also included. Some
supplementary themes are also presented and discussed (e.g., GIS-based flood
models), although in less detail.

The first part of this chapter explains the motivation to investigate this field of
engineering and the context in which research was carried out. The organization of
this work is then outlined by a brief overview of each chapter. Finally, the most
specific issues that this thesis attempts to answer are listed in the form of open
qguestions.

1.1 MOTIVATION AND RESEARCH CONTEXT

Why choose this field of study? A question without a single (and simple) answer but
attempting to provide one may help to explain the motivation behind this work...

Urban floods pose high risks to people and assets. Economic activities, cultural
heritage and the environment are also endangered by these phenomena. High
intensity rainfall events tend to happen in nature but when they strike particularly
exposed and vulnerable densely-populated areas the results may be catastrophic.
The expansion of urban areas, highly noticeable in the second half of the 20th
century and in the beginning of this new one, raises several issues such as an increase
in the potentially affected population, reduced infiltration or inability of rainwater
drainage systems to cope with the runoff generated by ever-expanding impervious
areas. In Europe alone in the past few years floods have caused the death of
hundreds of people, the displacement of hundreds of thousands more and thousands
of millions of Euros in economic losses.



Flooding events depend on the multiple state variables that define their origins and
so a better knowledge of these origins is a key factor for the more effective
prevention, management and mitigation of urban floods. Even though absolute flood
security is a utopian dream, proper flood management must be seen as essential to
reducing flood vulnerability and exposure. This was the fundamental impetus to
pursuing a research programme in this field. A better understanding of the physics of
the rainfall-runoff process on urban area can significantly enhance the tools used by
modellers and planners, e.g., by attaining simulation models which are more accurate
and faithful to the natural environment.

Even though some computer simulation was performed that involved creating a
digital terrain model, programming a numerical approach and finding an original
analytical solution, the research described in this thesis is mainly based on laboratory
physical modelling. This laboratory work was carried out at the Civil Engineering
Department of the Faculty of Sciences and Technology of the University of Coimbra
(www.uc.pt/fctuc/dec), more precisely in the Laboratory of Hydraulics, Water
Resources and Environment. Among its facilities this laboratory has a rainfall
simulator that can simulate the movement of rain cells simultaneously with the
occurrence of wind. The simulator had been used previously to this work, mainly for
water erosion studies that have already been published in international journals and
conference proceedings.

In order to carry out the research described in this thesis the rainfall simulator
required the following improvements: (i) installation of an electronic frequency
inverter to give a highly accurate control of the rainfall simulator speed, (ii) fitting of
an additional hydraulic circuit to the nozzle intake to ensure instant rainfall start/stop
and constant pressure, i.e., constant rainfall intensity, during the simulations, and (iii)
the fitting of a static pressure sensor and a data logger to allow the acquisition and
collection of the overland flow discharged from the tested physical models with 1.0 s
resolution. Besides these improvements to the rainfall simulator, physical models of
buildings were also designed and constructed to simulate buildings of different
geometries and layouts over an impervious area.

The research described in this thesis lay within the scope of the Hydraulics, Water
Resources and Environment Research Line (HyWaRE) of the Institute of Marine
Research — Marine and Environmental Research Centre (IMAR—CMA). The IMAR-CMA
webpage provides more information about this research centre and can be found at:
http://www1.ci.uc.pt/imar/unit/
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1.2 ORGANIZATION OF THE THESIS

This thesis is divided in 9 chapters. The contents of each chapter are briefly
summarized in the next paragraphs®:

Chapter 1 gives an overview on the motivation to research in this field of engineering
and on how the work was carried out, describes the organization of this document
and, finally, identifies the objectives of this thesis.

Chapter 2 presents a literature review on several issues related to overland flow,
urban floods, storm movement and wind-driven rainfall. A short comprehensive
literature review on the influence of storm movement and wind-driven rainfall on
impervious surfaces in urban areas is included.

Chapter 3 presents a study regarding the evolution of urbanization in Cabanas de
Tavira (Portugal) and the construction of a Digital Terrain Model (DTM) of that area
for flood modelling purposes. Cabanas de Tavira is a parish and a former fishing
village in the municipality of Tavira (Algarve, Portugal) which, during the last decades,
experienced intense urbanization due to touristic activities.

Chapter 4 presents the derivation of an analytical explicit solution for 1D overland
flow in impervious areas under upstream and downstream moving rainstorms.
Laplace transformation is used to solve the linear kinematic wave equation resulting
of applying Zarmi’s theory. Results obtained with the presented analytical solution
were compared with another exact solution (derived with the characteristics
method), a numerical approach and laboratory experiments.

Chapter 5 presents a laboratory study on the influence of storm movement and
wind-driven rainfall on the rainfall-runoff processes for impervious surfaces in urban
areas with different densities of high-rise buildings.

Chapter 6 presents a laboratory study on the influence of storm movement and
wind-driven rainfall on the rainfall-runoff processes for impervious surfaces in urban
areas with distinct building rooftop connectivities.

‘A comprehensive abstract is provided at the beginning of the chapters which were published in journals and
conference proceedings (Chapters 3 to 8).



Chapter 7 presents a laboratory study on the influence of building height, storm
movement and wind-driven rainfall on the rainfall-runoff processes in impervious
surfaces.

Chapter 8 presents a laboratory study on the effects of storm movement on hillslope
hydrology, where a three-segment soil flume was used to obtain different hillslope
configurations. Hydrographs and sedimentographs for different storm conditions and
hillslope configurations are presented.

Chapter 9 summarizes the most important conclusions of this thesis and points out
some topics for future research.

1.3 OBJECTIVES

The overall goal of this thesis is to contribute for a better knowledge of the influence
of storm movement and wind-driven rain on the rainfall-runoff process in urban
areas. Most specific objectives, in the form of open questions, are listed below.

For urban (impervious) areas:

— How does storm movement affect overland flow?

— How does wind-driven rainfall affect overland flow?

— Which effects does building density have on overland flow? How are these
effects altered by the occurrence of wind-driven moving rainstorms?

— What effects do rooftop connectivities have on overland flow? How are these
effects altered by the occurrence of wind-driven moving rainstorms?

— What effects do building heights have on overland flow? How are these effects
altered by the occurrence of wind-driven moving rainstorms?

— Based on the linear kinematic wave theory is it possible to establish an exact
solution of 1D overland flow under moving rainstorms? If so, what are the
constraints and possible applications of that solution?

— Can building density, rooftop connectivity and building height contribute to
flood prevention?



For natural (pervious) surfaces:

— How does hillslope configuration affect overland flow and erosion? How are
these effects altered by storm movement?
- What are the most hazardous hillslope configurations for soil loss?

1.4 PUBLICATIONS AND CONFERENCES

Most chapters of the thesis were submitted to international peer-reviewed journals
(Chapters 3 to 7). One chapter was published in the proceedings of an ASCE
International Conference (Chapter 8). In this last article, the author of this thesis was
not involved in the execution of the laboratory experiments and in the preparation of

the figures.

With the exception of some layout-specific aspects, the chapters which reverted from
published articles (Chapters 3 to 8) were not altered (see Table 1.1 and first article of
Table 1.2).

The research described in this thesis was also presented in several international and
national (Portuguese) conferences (Tables 1.2 to 1.5).
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(ISI IF: 0.787)

de Lima, J.L.M.P.

Chapter Title of the article/thesis chapter Journal Authors Status
Isidoro, J.M.G.P., .
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3 . . . ! IAHS Red Book Series . gues, %1% (2010, Vol. 336,
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Table 1.2 Articles in proceedings of international conferences.
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Published (2010,
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[O] — Oral presentation (presenting author in italic).

— This chapter of the thesis reverted from the published article only with minor layout adjustments.
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connectivity on the rainfall-runoff EGU General Assembly, 22-27 : Geophysical Research
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[O] — Oral presentation (presenting author in italic); [P] — Poster presentation.
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2009, Poster 49, CD-
ROM)

[P] — Poster presentation.

12




CHAPTER 2

...Zeus clamed his wrath at the sight of the scorched earth; he pitied her, and
wished to wash with water the ashes of ruin and the fiery wounds of the land.
Then Rainy Zeus covered the whole sky with clouds and flooded all the earth.

Nonnus

Rainfall is never uniform nor static. Rainfall is always changing and moving.
Rainfall movement is an important part of the rainfall process.

Jin Liang






2. LITERATURE REVIEW

This chapter presents the background for the research that led to this thesis. The
focus is on the links between the conditioning factors of overland flow and urban
floods. Special attention is given to storm movement and wind-driven rainfall, as well
as to the tools used to evaluate their influence on overland flow in urban areas.

Three main subjects are addressed in this chapter: i) Overland flow, its importance in
the hydrological cycle and conditioning factors; ii) Urban floods, their relation to
urbanization and GIS-based flood models used in urban flood assessment, and iii)
Influence of storm movement and wind-driven rainfall on surface hydrology and
other fields of civil engineering.

2.1 OVERLAND FLOW

The term “overland flow” is often misused or contradictory in the literature. Because
of this, some explanation about its physical meaning, its origins and its place in
surface hydrology is presented first. The origins of the water that will turn into
overland flow and the factors that condition the overland flow course are also
discussed, especially for urban areas under rainfall. Particular attention is given to
impermeable surfaces because of their predominance in urban areas.

2.1.1 COMPONENTS OF SURFACE FLOW

Overland flow (often called runoff, surface runoff, sheet flow, sheet flood, sheet wash,
etc.) is one of the main components of the hydrologic cycle, studied within what is
usually known as “Surface Hydrology”. However, after the earliest attempts to define
this component, which were based on local observation (e.g., McGee, 1897),
contradictory and/or incomplete definitions of overland flow and confusing
classifications of the constituents of surface hydrology became widespread in the
literature. For a more detailed analysis of this topic see Hogg (1982).

Despite most of the classifications for Surface Hydrology found in the literature
showing varying levels of discrepancy it is still possible to establish a classification
that fits in with many of the works in this field, e.g., Guy (1964), de Lima (1989a),
Singh (1997b), Knodel et al. (2007) and Huggett (2011). In this classification all the
water that runs over the ground surface is divided into Overland Flow, Rill Flow and
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Stream Flow. Rill flow is flow in narrow and shallow irregular incisions into topsoil
layers (rills). These structures may evolve into streams or rivers, larger fluvial
structures where stream flow takes place. Water that runs immediately below the
surface is the Subsurface Flow. Together, overland flow and subsurface flow result in
Runoff. According to this classification, overland flow is divided into Sheet Flow and
Sheet Flood, both representing the flow of a thin, continuous film of water until it
converges in a rill or another fluvial structure. Differences in sheet flow and sheet
flood are only related to issues of frequency of occurrence and magnitude. Sheet
flows are more common and have less magnitude.

Attention should be given to the difference between surface runoff and overland
flow. The following definition of Surface Runoff is often-cited within the scope of
guantitative geomorphology and was given by Horton (1933): Neglecting interception
by vegetation, surface runoff is that part of the rainfall that is not absorbed by the soil
by infiltration, i.e., surface runoff includes channel flow (rill and stream flows).

A possible definition of overland flow was given by van Loon (2001): Overland flow is
that part of the surface water that moves over the soil surface, while not being
concentrated in channels of a given size. This definition embraces a discussion about
where overland flow ends and channel flow starts since, according to the same
author, this can only be defined subjectively and approximately. However, we can
give more precision to van Loon’s definition of overland flow if the spatially
distributed characteristics of this phenomenon are taken into account, while channel
flow solely relates to points in space. Thus, in order to clarify this issue the following
definition of overland flow is proposed: Overland flow comprises all non-point surface
water flows.

Since this thesis is focused on urban environments, where land is largely covered with
impervious elements (e.g., roads and buildings), rainfall-generated subsurface flow is
almost negligible. In order to maintain some fidelity with the literature consulted, the
terms “overland flow” and “runoff” are used synonymously to express the former in
accordance with the surface hydrology classification presented above.

2.1.2 OVERLAND FLOW ON URBAN AREAS - CONDITIONING FACTORS

Physically, overland flow is the transfer of a mass of water from one area to another
that satisfies the definition expressed in Chapter 2.1.1. Possible origins of the water
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are rainfall, ice and snowmelt, irrigation, exfiltration and dew (this last originates
what hydrologists refer as occult rainfall). Since the water travels over the ground
surface, overland flow is influenced both by the factors that determine the origins of
water and the factors that constrain its course, namely, the topography, geology, soil
type, land use and flow control measures (e.g., flood control and mitigation of water
erosion).

Because this thesis deals with intense rainfall events over urban areas, only rainfall
water was studied and most of the work regards impervious areas, and so, storm
properties (e.g., storm movement), land use (e.g., urbanized areas) and topography
(e.g., slope) becomes, in this scope, the most important conditioning factors of
overland flow. Despite this, some of the work presented may be extrapolated for
other origins of water (e.g., snowmelt) or drainage basin features (e.g., natural
surfaces with low permeability).

2.1.2.1 Rainfall water

The primary condition for rainfall initiation is the saturation of air with water vapour
originated by evaporation from wetted surfaces (e.g., sea) or large scale transpiration
(e.g., forests). Large masses of saturated air can be carried by wind from other
locations, and so, rainfall does not occur necessarily in the same locations where the
air has been saturated with water vapour. The second condition is the cooling of the
saturated air, generally caused by the lifting of the saturated air masses. The
following lifting mechanisms, which are able to form clouds, can be differentiated
(e.g., Ackerman and Knox, 2011): Orographic, when the air is lifted as it moves over a
mountain range; Convectional, when the air near the earth surface is heated by solar
energy becoming less dense then the air around it and rises; Convergent, when the
air near the earth surface flowing together from different directions collides and
originates an upward movement, and finally; Frontal, when the warm air (less dense)
is forced to rise over the cooler air (more dense). These designations of the lifting
mechanisms are usually applied to differentiate and name the rainstorm types (e.g.,
convectional rainstorm). The third condition is the condensation of the water vapour
in the troposphere. Since a non-gaseous surface must be involved so water vapour
can transit to the liquid state (Wallace and Hobbs, 2006), the condensation of water
is triggered by the existence of small solid or liquid particles (around 0.2 um) entitled
cloud condensation nuclei (CCNs), usually, salt crystals from the oceans, combustions
products, dust and ash. The fourth and last condition for rainfall to initiate is the
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raindrops growth. This growth occurs due to water droplets coalescence, i.e., as the
cloud droplets (around 10 um) collide against each other their size increases until
they start to fall through the cloud. In their way downwards, by colliding with the
smaller droplets, larger droplets capture more water. This process continues until the
resulting droplet is heavy enough to fall out of the cloud and reach the ground as rain
(or snow) before it can evaporate. A complete description on rainstorms formation
and rainfall initiation can be found in, e.g., Wallace and Hobbs (2006), Shuttleworth
(2012).

A rainstorm can be characterized by a number of factors, which are dependent of the
rainstorm type, such as its location, magnitude, extent, direction, timing, velocity,
geographic and spatial distribution, structure of the rain cells, peak intensities, etc. In
this study more attention was given to features related to the rainstorm velocity and
spatial distribution. Slow-moving rainstorms with regular intensities can be equally —
or even more — destructive than high-intensity fast-moving rainstorms; Figure 2.1
shows an example: using RADAR (RAdio Detection And Ranging) imagery to track the
rain cells with intensity above 20 mm/h that passed over the Algarve region (South of
Portugal) from 05:00am until 03:00pm of the 28™ November 2006 (left), it was
possible to calculate these rain cells mean speeds, which ranged from 38.2 to 57.8
km/h, excluding rain cell 9 which had a mean velocity of 15.4 km/h (centre) and
stayed for approximately 120 min over the urban area of Faro (approximately 40000
hab.) causing some havoc (right).

o
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Figure 2.1 Rain cells with intensity above 20 mm/h over the Portuguese Algarve region, from
05:00am until 03:00pm of the 28" November 2006 (left). Rain cell 9 speed during this period; dashed
line is the rain cell mean speed (centre). Flooding in downtown Faro as a consequence of rain cell 9
passage (right).

In urban areas, other components of the hydrologic cycle related to losses of water as
interception, infiltration, evaporation and surface storage also influence the rainfall-
runoff process. However, in the case of intense rainfall events, this influence may be
relatively small or even negligible. Those losses, also called as Hydrological
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Abstractions, are usually incorporated in empirical methods to estimate runoff (e.g.,
Soil Conservation Service runoff curve number method).

Intercepted water regards to the fraction of water that wets and adheres to surfaces
above ground and that, subsequently, will evaporate and thus return to the
atmosphere without becoming runoff or groundwater. Losses due to interception are
more important in forested drainage basins than in urban drainage basins, and the
highly impervious urban developments, with low vegetation or tree cover, have little
interception (e.g., Marsalek et al., 2008).

Infiltration is the vertical movement of water into the soil, governed by gravity and
capillarity forces. This component of the hydrologic cycle becomes proportionally less
important as the urbanized areas become more impermeable; however, a proper
guantification of infiltration is essential in urban hydrology design (e.g., pervious
pavements, detention basins and low-impact developments (LIDs) for flood
mitigation purposes). Infiltration is highly dependent of soil properties, which are
difficult and expensive to characterize due to their spatial and/or temporal variability
(e.g., granulometric distribution and moisture content). To overcome this issue, in
urban hydrologic studies it is usual to model the behaviour of infiltration by using sets
of discrete entities forming a topological space that, under certain assumptions and
limitations, approximates the natural distributed system behaviour (lumped models).
Horton and Green-Ampt are examples of lumped models to assess infiltration, having
widespread use in hydrology.

Evaporation is the process where water transforms into water vapour and is lost to
the atmosphere. Since air temperature plays a major role in evaporation and urban
areas are usually characterized by having higher values of air temperature (compared
to non-urbanized areas), these areas may have a 5 to 20% higher rate of evaporation
(Geiger et al., 1987). An example of the influence of urban areas in local climate is the
urban “heat island effect” (e.g., Oke, 1973; Parker, 2010), responsible for a local
increase of the air temperature by 4 to 6 °C when compared to the surrounding
areas. For a more in-depth review on this phenomenon — that can produce significant
localized climate changes — and on the methodologies used to quantify its effects see
e.g., Stewart (2011). Notwithstanding its limited interest for hydrologic studies
regarding high intensity rainfall events in urbanized areas, it shall be referred that the
processes of evaporation and transpiration (the loss of water vapour from the plants)
are usually combined into “Evapotranspiration”. If evapotranspiration is not limited
by the water input, the total amount of water that would be lost that way is called by
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Potential Evapotranspiration. Most common methods to estimate these values are
the Penman equation (for evaporation) and the Thornthwaite equation (for
evapotranspiration). An in-depth review on the existing methods to estimate
evaporation and evapotranspiration can be found in e.g., Chang (2009).

Surface storage regards the water which accumulates in depressions on the surface
of a drainage basin and is then lost by evaporation or infiltration, thus not becoming
runoff. The surface coverage (e.g., asphalt) and slope, soil type and antecedent
moisture conditions (e.g., due to previous rainfall) are within the most important
factors affecting surface storage (van Lanen et al., 2004). Despite the existence of
some formulae to estimate surface storage losses (e.g., Linsley et al., 1982) it is usual
in urban hydrologic modelling to employ empirical values, ranging from of 1.6 to 6.4
mm (ASCE, 1996). By modifying surface roughness, e.g., due to urbanization,
depression storage may play a significant role in the surface hydrologic response
(Peng et al., 2002).

Figure 2.2 schematizes the urban water cycle processes referred above. Rainfall
water evaporates both due to interception and surface storage, before infiltrating or
becoming runoff. The infiltrated fraction of water percolates both ways in the
unsaturated and the saturated zone. Water in these zones may be lost by
evaporation, if it reaches the drainage basin surface by capillarity, or by transpiration
of the plants, which retrieve the water from the soil.
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Figure 2.2 Rainfall-runoff processes in the urban water cycle. Losses due to interception, surface
storage, infiltration and evapotranspiration are identified. Dashed lines stand for indirect flow of
water, which includes the fraction retrieved by plants and then transpired and the fraction that
reaches the drainage basin surface and evaporates.

2.1.2.2 Storm movement

In the case of moving storms, four characteristics of the rainstorms influence the
overland flow hydrographs (Singh, 2002b; Liang, 2010). These features are: (i) the
storm direction, which can be upstream, downstream, transverse or forming any
angle with the main slope of a drainage basin; (ii) the storm areal coverage, that may
be partial or full; (iii) the storm speed, which normally can range from 2 to 60 km/h
(Singh, 1997a), and (iv) the duration of the storm activity, which is highly variable as it
depends on the storm velocity and size.

Storm direction, measured by the angle to the stream or to the main slope in the
drainage basin, has a strong influence on peak discharge and on the overland flow
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hydrograph shape (de Lima and Singh, 2002). Most studies found in the literature
focused only in the downstream and the upstream direction, where it is shown that
comparing to downstream moving storms, upstream moving storms hydrographs are
usually characterised by an earlier rise, lower peak discharge, milder steepness of the
rising limb and longer base time. A laboratory study on angular storm movement, for
a pervious drainage basin (soil flume), showed that the storm movement along
directions different from the steepest slope led to hydrologic responses ranging
between the responses of downstream and upstream moving storms (de Lima et al.,
2009).

Areal coverage regards to the fraction of a drainage basin on which rainfall occurs
during a rainstorm event. Partial areal coverage of a drainage basin by a rainstorm
means that the storm is not large enough to cover the entire basin or, in the case of a
moving storm, that the storm duration is limited in time and so, it never covers the
basin completely. Singh (2002b) found that in a planar drainage basin with the same
areal coverage and for the same storm duration, the peak discharge is greater for
downstream moving storms than for upstream moving storms and the time to peak
takes place much later for upstream moving storms than for downstream moving
storms.

Storm speed is a very important feature of a rainstorm. It influences, among other
factors, the rainfall duration over a drainage basin and the total amount of rainfall
volume (see, e.g., Figure 2.1). Accordingly to Singh (1997a) rainstorms most
frequently move at a speed ranging from 7 to 35 km/h, or about 2 to 10 times the
average stream flow speed. Singh (1998) and de Lima and Singh (2003) found that,
both for upstream and downstream moving storms, the highest relative peak
discharge is attained when the storm velocity equals the mean overland flow velocity.

The duration of a rainstorm may be analysed from two different points of view: the
duration of the rainstorm by itself, i.e., the time it takes for a rainstorm to form, raise,
travel, decay and disintegrate, and the duration in which a rainstorm stays over a
drainage basin, i.e., the lapse of time it takes from the instant a rainstorm enters a
drainage basin until it leaves it. In the context of this thesis this last point of view is
the most important, because urban areas are relatively small when compared with
the spatial extension travelled by a rainstorm throughout its lifetime. The duration of
a rainstorm over a drainage basin is a consequence of the rainstorm size and speed.
This factor is important for attaining the overland flow hydrograph. An overland flow
hydrograph develops into an equilibrium hydrograph if its peak equals the peak
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rainfall excess intensity times the drainage basin area. If this last value is not attained,
then the hydrograph remains in partial equilibrium (Singh, 2002b). Consequently,
moving storms may originate hydrographs with a steady plateau, despite the
equilibrium is, or is not, attained.

2.1.2.3 Wind-driven rainfall

The combined action of wind and rainfall produce changes in the spatial and
temporal distribution of rainfall. Despite this fact is known for a long time (e.g.,
Fourcade, 1942), nowadays it is still usual to consider windless conditions on rainfall-
runoff process studies and engineering design. Wind-driven raindrops fall through a
wind field under gravitational and drag forces, thus gaining horizontal speed. This
causes raindrops to be redistributed in specific patterns (Blocken et al., 2006) and to
strike the ground surface at an angle deviated from the vertical (e.g., de Lima, 1990;
Erpul et al., 2003).

First measurements of wind-driven rainfall took place almost 200 years ago
(Middleton, 1969) [cited in Blocken (2004)] and have evolved since then. In the last
decades this subject has been studied by many authors, namely in the fields of earth
science and meteorology, e.g., Sharon (1980) measured angles resultant of wind-
driven rainfall to be within a range of 40° to 60° (from the vertical) for wind speeds of
10 m/s. Rainfall measurements reported in the literature point out that wind-driven
rainfall is highly variable in time and space, and that should be addressed in
hydrologic studies, namely in hillslope hydrology, runoff and erosion studies, and in
the design of rainfall monitoring networks (e.g., Blocken et al., 2006). Besides these,
wind-driven rainfall is also important for research in fields such as agriculture and
meteorology. de Lima (e.g., 1989b; 1989c; 1989d) found that the wind intensity and
direction have influence in the effective rainfall patterns and in the mechanics of the
overland flow process on hillslopes. The shape, size, angle and terminal velocity of
raindrops, splash shape and shear stress in the water-air boundary were found to be
particularly affected by the existence of wind. Wind-driven rainfall may also be
responsible for errors in rainfall measurements when using individual above-ground
gauges (e.g., de Lima, 1990; Blocken and Carmeliet, 2004).

The angle between wind-driven raindrops and a vertical axis can be measured by
means of photography or video. This angle can also be estimated by a trigonometric

approach if the average horizontal wind speed near the ground surface and the
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average terminal vertical speed of raindrops are known. The latter can be attained
using formulae (e.g., Beard, 1976; Wang and Pruppacher, 1977) or by means of using
specific equipments like disdrometers (see Figure 2.3) or optical rain spectrometers.

&

Figure 2.3 Example of disdrometer (Thies Clima) available in the Laboratory of Hydraulics, Water
Resources and Environment of the Civil Engineering Department of the Faculty of Sciences and
Technology, University of Coimbra.

Because the wind-affected raindrops gain an additional component of horizontal
kinetic energy, their impact velocity is often greater than the terminal vertical
velocity for raindrops in windless conditions (vertical rainfall). Figure 2.4 schematizes
the referred components of the terminal velocity of a raindrop.

Inclined rainfall has a considerable importance in hillslope hydrology since the
horizontal component of the terminal velocity of a raindrop may add, or reduce, the
overland flow momentum, respectively if the wind is blowing in the downstream
(downslope) direction or in the upstream (upslope) direction. de Lima (1989b)
showed that in impervious surfaces upslope blowing winds caused a delay in the
initiation of overland flow and an increase in the depth of water along the surface.
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Figure 2.4 Simplified scheme of the influence of wind on the terminal velocity of a raindrop. Vy is the
raindrop terminal velocity for windless conditions (vertical rainfall), V\y is the horizontal wind velocity
near the ground surface, Vypg is the wind-driven affected raindrop terminal velocity and 6 is the
angle of incidence of the rainfall.

While in windless conditions rainfall only wets horizontal and sloped surfaces, wind-
driven rainfall also wets vertical surfaces (e.g., building facades), thus having
particular importance on urban areas. In a set of studies on the influence of wind-
driven rainfall on the rainfall-runoff process in highly urbanised areas (Isidoro et al.,
2012a; Isidoro et al., 2012b; Isidoro and de Lima, 2012b), wind-driven rainfall showed
to reduce the differences on the overland flow hydrographs (e.g., peak discharge and
base time) caused by the increase in building density and building height, and by the
different rooftop connectivities. These differences were partly due to the increase in
the collision of raindrops with the buildings, caused by the horizontal speed
component of wind-driven rainfall.

Wind-driven rainfall also has an important effect over natural surfaces. Wind causes
significant changes in the raindrops trajectory and frequency, which may lead to
considerable effects on the soil detachment process (Erpul et al., 2003).

2.1.2.4 Land use and topography

Regarding the factors related to the drainage basins, two features having more
influence on overland flow in urban areas stand out: the natural terrain sealing due to
the construction of roads, buildings, driveways, etc. and the drainage basins
topography, namely the surface slope, which condition the flow speed and depth.
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Veldkamp and Fresco (1996) defines land use as the human activities that are directly
related to land, uses its resources or interferes with the ecological processes. A good
example of the influence of land use in overland flow is given by USEPA (2003): while
in the natural terrain 25% of rainfall water infiltrates into the aquifers and only 10%
becomes runoff, in highly urbanized areas more than 50% of all rainfall water
becomes runoff and deep infiltration is only a fraction of what it was back in the
natural terrain conditions.

Modifications of the natural, economical or/and political conditions promote
biophysical or/and human demands, ultimately leading to land use changes
(O’Callaghan, 1996). Even for non-hydrologists it is easy to understand that e.g., the
deforestation and posterior urbanization of a hypothetical area would promote major
changes in the water cycle, namely by the increase in runoff. These kind of severe
changes in land use have been thoroughly analysed by several authors for the last
decades; however, in urbanized areas, more subtle changes in runoff may be noticed
due to small scale alterations, e.g., different building densities — easily detectable in
downtown and suburban areas — have a marked influence on overland flow (Isidoro
et al., 2012a; 2012c).

The morphology of urban areas, ie., the construction land plots (real estate
structures), the street network and their evolution over time, is a very important
factor to the rainfall-runoff process in urban areas (Rodriguez et al., 2008), affecting
flow depths and velocities. Therefore, urban planning has a major relevance on urban
rainwater drainage systems and flood mitigation. Particular care should be taken
when defining the spatial distribution of urban physical structures (e.g., building
patterns) that may strongly interfere with urban runoff and flood events (e.g., James
and Korom, 2001).

From a hydrological point of view, the slope of a drainage basin is one of its most
important physiographic factors. Using a simple empirical turbulent flow equation
(Gauckler-Manning-Strickler equation) the uniform depth of water, in a fictional 1.0
m wide rectangular open channel with a surface roughness Ks (Strickler coefficient) of
90 m*3.s™, was established for a flow of 100 I/s and different surface slopes (Figure
2.5). As the slope decreases to near-zero values, flow depth increases exponentially,
and so, this really simple demonstration helps to illustrate the importance of the
drainage basin slope in overland flow.
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Figure 2.5 Uniform depth of water in a 1.0 m wide rectangular open channel with a surface

roughness Ks (Strickler coefficient) of 90 ml/a-s'l, for a flow of 100 I/s and different surface slopes.

Drainage basins with an almost flat topography are thus prone to accumulate water,
which is a synonym of low discharge. This yields a severe problem for flat or gently
sloped urban areas under intense rainfall scenarios. Moreover, in these urban areas
drainage systems also have low-sloped longitudinal profiles, and so, neither the
overland flow nor the drainage systems promote extensive discharge of stormwater,
and so, urban areas with these topographical characteristics may suffer from more
frequent and intense flooding events.

2.2 URBAN FLOODS

Urban floods may have multiple origins and magnitudes. Fluvial flooding due to
intense precipitation on large basins may cause destruction over hundreds of square
kilometres. Coastal urban areas may be severely affected by sea storms. Coastal
areas may also be prone to tsunamis — extreme waves caused by seismic activity or
major undersea landslides — which are capable of moving inward land for kilometres
with massive destruction, or by the storm surge effect — an offshore rise of the sea
level due to a low pressure weather system — typical of tropical areas. Snowmelt is
another important origin for urban floods. Areas located at the base of mountain
ranges where snow and ice accumulate during wintertime may suffer from flash
floods during springtime snowmelt; in this period of time the flow rate in rivers may
increase rapidly, causing fluvial flooding. Low-lying areas underlined by aquifers may
suffer from a rise of the phreatic surface after long periods of sustained high intensity
rainfall. Urban floods may also have anthropogenic origins, like the rupture of water
supply systems (e.g., pipes) or dam/dyke failure, the latter with the potential of
catastrophic consequences.
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This chapter initially presents a review of the literature on a particular type of urban
flood: flash floods caused by intense rainfall events. Afterwards a discussion is made
on the role of urbanization — the conversion of other types of land use to uses
associated with the growth of population and economy (Weng, 2001) — on these kind
of events, i.e., how does the physical growth of urban areas interferes in the urban
water cycle. Finally, some issues related to GIS-based models used in this field of
work are presented.

2.2.1 FLASH FLOODS IN URBAN AREAS

What is a “flash flood”? And how does it differentiate from a “regular flood”?
Accordingly to the literature the answer to these questions may be given by the
following definition (ACTIF, 2004): A flash flood can be defined as a flood that
threatens damage at a critical location in the catchment, where the time for the
development of the flood from the upstream catchment is less than the time needed
to activate warning, flood defence or mitigation measures downstream of the critical
location.

This last definition, among several others available in the literature, was chosen not
for what it says, but because of what it does not say. It does not say how much is
damaged, it does not establish the time for the development of the flood and it is a
bit obscure about what is “a critical location in the catchment”. However, this
definition, by covering the totality of circumstances, gives a very good frame for the
discussion of these issues. In this Chapter, and despite flash floods may be triggered
without rainfall (e.g., after dam failure) and may occur almost anywhere (e.g., in a
forested area), attention is focused on flash floods that are triggered by intense
rainfall events and occur in urban areas.

Flash floods exhibit a quick overland flow peak within a very short time (e.g., Bailly-
Comte et al., 2008; Toukourou et al., 2011). The United States National Weather
Service (USNWS) specifies that flash floods occur from few minutes to six hours of the
contributory event and that are usually characterized by raging torrents with the
capability of sweeping everything in front of them (USNWS, 2002). Due to the very
short lapse of time, it is almost impossible to take actions between the rainfall events
and the consequent flooding, therefore, the best way to anticipate these occurrences
is via an effective rainfall forecast. Technology allowed the development of high
resolution temporal and spatial rainfall measurement, either at a point (rain gauges),
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spatially distributed (ground-based RADARs and satellites orbiting the Earth) or along
a straight line (microwave links). However, rainstorms are highly dynamic systems,
and so, it is necessary to extrapolate in time, i.e., to forecast, how will the rainstorm
cells evolve. Despite this thesis does not focus on flood forecasting, some references
are given for a more in-depth analysis on this subject (e.g., Maskey, 2004; Sivapalan,
2006; Sene, 2008; Ackerman and Knox, 2011).

In the developed countries, urban areas are usually served by rainwater drainage
systems. In these systems, large numbers of spatially distributed sewer sinks, gutters
and downspouts drain runoff water from the streets, pathways and rooftops into a
network of pipes placed underground. The collected rainwater flows in the pipes
generally only due to gravity and is finally discharged to a natural water body (e.g.,
river). Since these systems are usually designed for a rainfall intensity/duration
associated with a given return period, theoretically, rainfall events that exceed the
design intensity/duration will produce runoff on streets and pathways because the
systems will not be able to cope with such discharges; however, this issue is not so
straightforward, since runoff will also depend on the wet antecedent conditions of
the drainage basin. Overland flow from surrounding natural catchments may also
flow into urban areas and easily surpass the sewer system hydraulic capacity. This
hydraulic capacity is often reduced by natural or anthropogenic factors (e.g.,
obstruction of sewer sinks by leafs or trash) that may severely compromise the
systems efficiency (Figure 2.6).

Figure 2.6 Sewer sink clogged due to accumulation of leafs and pine tree needles carried by storm
runoff (Quinta do Lago, Loulé, Portugal). The sewer sink trash rack was found completely covered
after a flooding event which occurred on the 29" September 2008 (left). A worker removes the
accumulated leafs and pine tree needles, uncovering the sewer sink trash rack (right).
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Lack of maintenance of urban stormwater drainage systems is not the only reason for
serious flash flood episodes. Ancient towns or fast-growing cities often suffer from
poor land-use planning (e.g., Figure 2.7; left). Downslope-located urban areas may be
severely unprotected from extreme rainfall events (e.g., Figure 2.7; right). Rainstorm
types (see Chapter 2.1.2.1) may also have regional predominance, e.g., at the tropics
and mid-latitudes intense rainfall events are primarily associated with the existence
of convective rain cells, rainstorm structures that are capable of originating flash
floods in small drainage basins like the ones typical of the Mediterranean
environment (Rebora and Ferraris, 2006).
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Figure 2.7 Urban flash floods due to short duration extreme intensity rainfall. On the 17" February
1972, 78.5 mm of rain fell in one hour (MWC, 2007) over the Melbourne (Australia) business centre
(left; Neville Bowler/Fairfax Syndication). On the 20" February 2010, from 9:00am to 11:00am, 223
mm of rainfall was measured at the Pico do Arieiro (01/02M) meteorological station (de Lima et al.,
2010), causing 42 deaths, 100 injured and millions of Euros in damages (Luna et al., 2011) that are
currently still being repaired (right; Octavio Passos/AP).

Accordingly to the Directive 2007/60/EC of the European Parliament and of the
Council on the assessment and management of flood risks: Floods have the potential
to cause fatalities, displacement of people and damage to the environment, to
severely compromise economic development and to undermine the economic
activities of the Community. However, major flood disasters may also provide
opportunities to accelerate the rate at which flood management policies are
implemented, and so, key factors in this processes appear to be a combination of
environmental, behavioural and contextual drivers (Johnson et al., 2005). In an
increasingly interconnected world it also seems reasonable to surmise that, in the
next decades, participatory governance may help to shape the flood risk
management policies.
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2.2.2 CONSEQUENCES OF URBANIZATION

Seventy years take us apart from the following definition of Urbanization by Tisdale
(1942): Urbanization is a process of population concentration. It proceeds in two
ways: the multiplication of points of concentration and the increase in size of
individual concentrations. It may occasionally or in some areas stop or actually
recede, but the tendency is inherent in society for it to proceed until it is inhibited by
adverse conditions.

Recent data available in reports from official entities and in research articles (e.g.,
Satterthwaite et al., 2010; Wu, 2010; Madlener and Sunak, 2011; Kabisch and Haase,
2011) validate Tisdale’s definition on urbanization and proves its actuality. The
following two sentences (UN, 2011) give a clear outlook on this issue:

For the first time in history, more people live now in urban than in rural areas. In
2010, urban areas are home to 3.5 billion people, or 50.5 per cent of the world’s
population. In the next four decades, all of the world’s population growth is expected
to take place in urban areas, which will also draw in some of the rural population
through rural to urban migration.

The current levels of urbanization are unprecedented and so is the number and size of
the world’s largest cities. In 1950, there were only two megacities, that is, cities with
at least 10 million inhabitants, and five cities with populations ranging from 5 million
to 10 million inhabitants. Today, there are 21 megacities, including 17 in the
developing world.

Urbanization thus implies anthropogenic changes within natural systems. Because
nowadays many cities show fast and sometimes uncontrolled growth, these changes
are probably more important than ever. According to Buhl et al. (2006) this happens
at many scales and is clearly visible e.g., in the developing countries, where
simultaneously to the highly increasing expansion of main urban centres, slums,
shantytowns and squatter settlements are also expanding and currently account as
one half of all the global urbanization processes. It is thus predictable that, at least
for some countries, urbanized areas will continue expanding (Nuissl et al., 2009) for a
long period which, accordingly to some authors, it is still not foreseeable (e.g., Haase,
2009).
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One of the most important changes that urbanization causes in a natural system is
the profound alteration of the “natural hydrological cycle” into what is sometimes
called as the “urban water cycle”. Urbanization generally imply compaction of soils
and increased impervious coverage of land, e.g., by construction of roads and
buildings (e.g., Arnold Jr. and Gibbons, 2006). This causes infiltration and surface
roughness to decrease when compared to natural terrain. For these reasons, and
because many of the urban drainage systems currently in use were not designed for
such land occupation (e.g., Isidoro et al., 2010) or to extreme storm conditions (e.g.,
Schmitt et al., 2004) urban growth enhances the magnitude and recurrence of floods
(e.g., Yuan and Bauer, 2007; Grimm et al., 2008), leading to stormwater overland flow
hydrographs with higher discharged volumes and peaks, earlier start and sharper rise
(Figure 2.8). In small drainage basins, where the impervious covered area tends to be
relevant, the impact of urbanization on the hydrological processes may be
particularly significant in increasing flash floods occurrence (Nunes et al., 2009).
Regarding these issues, Schilling (1991) anticipated that for all the industrialized
countries the next decades will be characterized by exceptionally high expenditures
on stormwater drainage systems renovation.
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Figure 2.8 Schematic hydrographs helps to illustrate the influence of urbanization in overland flow
discharge.

Consequences of urbanization on the water cycle are not restricted to overland flow.
Paving may change the process of groundwater recharge, restricting it only to the
unpaved areas (e.g., parks). If infiltration is severely decreased phreatic surface levels
may decline (e.g., Jat et al., 2009; Thurston et al., 2010), giving origin to other
problems as e.g., well failures or salt water intrusion. The decline of groundwater
recharge due to reduced infiltration in urban areas is however controversial, since
leakage from water supply pipes, wastewater disposal or excess irrigation of amenity
areas may compensate, or even surpass, that effect (e.g., Foster, 2001; Howard,
2002).
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Whereas urbanization has a marked effect on the water cycle, its impacts can be
minimized if proper choices are made from an early stage in the development
process. The minimization of connected impervious cover (e.g., downspout
disconnection) or an approach to the natural hydrological cycle by infiltrating and
abstracting runoff at the source (e.g., pervious pavements and green roofs) are
examples of more suitable management choices which can reduce flooding risk (e.g.,
Walsh et al., 2005). Furthermore, it should be kept in mind that, ignoring the effects
of urbanization on the water cycle and the consequential increase of flash flood
events of higher frequency and magnitude, it is also an externalization of the costs of
proper urban management, because flash floods involves the imposition of foreign
costs upon others and thus disregards the legal maxim of sic utere tuo ut alienum non
laedas* (Kochan, 2006).

2.2.3 GIS-BASED FLOOD MODELS

Geographical Information Systems (GIS) are application-oriented database
management systems that, by merging cartography, statistical analysis and database
tools, possess a powerful capability to analyze spatial information and process large
guantities of data. These systems are capable of digitally representing real world
objects by using vector and raster data. By integrating GIS with hydrologic models it is
possible e.g., to identify areas of potential flood risk, assess groundwater
contamination susceptibility or define possible scenarios for water resources
management purposes. This Chapter pretends to give a brief illustration on how GIS
became nowadays a natural support for flood models and to list the most important
advantages of GIS-based models in flood management and flood risk assessment.

Early uses of GIS in flood studies have some decades (e.g., Davis, 1978) but its
generalization took some time to take place. Berry and Sailor (1987) referred that,
notwithstanding the value of spatial relationships to hydrology, there was a lack of a
more extensive integration of GIS in applied hydrologic models such as storm water
modelling, where the spatial characteristics of entire drainage basins continued to be
many times aggregated into one or more too simplistic parameters. Correia et al.
(1998) claimed on how much there was to gain in incorporating hydraulic flood
modelling capabilities in GIS; and how much there was to gain with it in terms of
engineering practice. Al-Sabhan et al. (2003) evidenced that the available hydrologic
models, despite innovative and robust, were poorly suited to real time applications

! Use what is yours in a way that you don't harm what is another's.
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and often not well integrated with GIS spatial datasets. In the last years, however,
GIS-based flood models have evolved significantly and integration of hydrologic
models with GIS is nowadays seen as perfectly normal, as referred by Alaghmand et
al. (2010).

GIS have a powerful capacity to deal with large quantities of spatially distributed
data. Singh and Fiorentino (1996) link this potentiality of GIS models with the needs
of hydraulic modelling: The GIS technology has the ability to capture, store,
manipulate, analyze, and visualize the diverse sets of geo-referenced data. On the
other hand, hydraulic is inherently spatial and hydraulic models have large spatially
distributed data requirements. Prasad (1997) focus on the noteworthy flexibility GIS-
based flood models enjoy, pointing out the following reasons: (i) After a GIS database
is created the required time for hydrologic simulation is no longer a constraining
factor and the modeller gets additional time to investigate more scenarios that may
lead to an optimum solution; (ii) Updating or modifying the GIS database to study the
impact of changes in a drainage basin (e.g., urbanization) is easy, and (iii) Production
of outputs can be done in diverse formats as e.g., texts, tables, graphics or thematic
maps. Prasad (1997) also refers that the improved accuracy of results obtained by
GIS-based hydrologic simulation comes from the capability that these models have to
integrate hydrologic regional parameters, and to allow for a more judicial
extrapolation of empirical synthetic frequency curves and computation of frequency
curves for modified drainage basin conditions. The potential of GIS visualization tools
to estimate probable flood damage is referred by Clark (1998) as one of the main
advantages of using GIS-based models for flood management.

Correia et al. (1998) refer the advantages that GIS has on the integration and
manipulation of information not intended only for technical purposes and how that
information is easily reached by the public. This easier communication with the public
is also focused by Correia et al. (1999) who alert for some fragilities of GIS-based
flood models, e.g., that those models may be misleading if the hydrologic and
hydraulic models are not adequate, that very powerful GIS have better capabilities
but are less flexible and less portable, and that simple GIS have increased flexibility
but are not so powerful. Nevertheless, the advantages of the powerful and the
simpler systems can be used if the systems conversion and interfacing capabilities are
properly exploited.

The last years have shown a great evolution on GIS-based flood models. Prediction
and presentation of near-real-time flood extension for decision makers and the public
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(Mioc et al., 2007) and simulation of contrasting scenarios — including both economic
costs and benefits — to be considered for implementation in the context of long term
sustainability by key actors (Jolma et al., 2008) are examples of the potential that GIS-
based flood models have to integrate diverse types of information, display the
interlinked simulation results and assist on decision-making. From these examples it
is possible to surmise that GIS-based flood models will continue to show major
developments on the years ahead.

2.3 INFLUENCE OF STORM MOVEMENT AND WIND-DRIVEN
RAINFALL

This chapter initially presents some aspects related to the influence of storm
movement and wind-driven rainfall on overland flow in urban environments. The
different tools used in hydrology to study this influence on impervious areas are
thoroughly reviewed, namely, in field studies, laboratory experiments, numerical
methods and analytical solutions. Two brief reviews on the importance of storm
movement and wind-driven rainfall in overland flow over natural surfaces, and in
other fields of civil engineering (e.g., construction) are also presented.

2.3.1 OVERLAND FLOW IN URBAN ENVIRONMENTS

Some misunderstanding about the expressions “Storm movement” and “Wind-driven
rainfall” (also referred as “Driving rainfall”) subsist in the literature given that,
sometimes, these expressions are abusively used. Storm movement regards the
displacement of a rain cell (or a group of rain cells) over a given area. It may range
from seconds or minutes, at a small urban drainage basin, to hours or days, at the
river basin scale (Liang, 2010). Without the existence of wind near the ground level
rainfall will only have vertical speed (vertical rainfall), despite it comes from a static
or a moving storm. However, if wind exists near the ground level, the rain will gain
horizontal speed and will be carried by the wind thus having a non-vertical trajectory
(inclined rainfall). This latter description corresponds to wind-driven rain, which, as
explained, only depends on the existence of wind near the ground level, regardless if
the rainfall is originated by a static or by a moving storm. These phenomena are thus
independent, i.e., wind-driven rainfall can occur without storm movement and vice-
versa.
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Both the rain cell movement and the occurrence of wind affect the temporal and
spatial distribution of natural rainfall, thus modifying the input of the rainfall-runoff
process. This has been proved for several times during the last decades (e.g., Yen and
Chow, 1968; de Lima et al., 2011). According to Beven (2004) we need to model the
rainfall-runoff process in hydrology to extrapolate the available hydrological
measurements, both in space and time. In space, so we may attain knowledge on the
hydrological processes where measured data is not obtainable. In time, so we may
forecast impacts of hydrological change where measurements are impossible to be
carried out. Incorporation of the storm movement and wind-driven-rain effects on
the rainfall-runoff process is thus a way to achieve a better simulation of the real
systems.

Urban environments have singular characteristics regarding the rainfall-runoff
process. The increased imperviousness of the terrain (see Chapters 2.2.2 and 3) and
the existence of buildings (see Chapters 4, 5 and 6) promote considerably changes in
the natural water cycle. The intensity of human activities, measurable by socio-
economical indexes (e.g., electricity consumption, GDP per capita, total industrial
output value and population density), can produce localized changes in climate and
thus induce an additional pressure to the modified water cycle. An example of it is
the “urban heat island” phenomenon (see Chapter 2.1.2.1).

Knowing and quantifying the influence of storm movement and wind on the spatial
distribution of rainfall intensity in urban areas is far from being a stress-free task. It
obliges to have the relevant data acquired within short spatial and temporal intervals
over sometimes large areas. Obtaining this kind of information is possible through
the use of technological resources. RADAR is a tool used since World War Il for
rainfall detection (see Figure 2.9) that is still in use nowadays with a global
widespread employ in meteorology, naturally, with great technological
advancements. Basically, using microwaves RADARs measure the power of targets
existing in the atmosphere, as raindrops or hailstones and convert it into reflectivity.
Because reflectivity is proportional to the concentration of the detected targets, and
mostly to their sizes, reflectivity is then finally converted into rainfall intensity.
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Figure 2.9 1960 RADAR image of Hurricane Abby approaching the coast of British Honduras,
nowadays Belize. The complete eyewall cloud is perfectly defined (United States National Oceanic
and Atmospheric Administration).

Like in RADAR, microwaves are nowadays being used for flood forecast purposes in
urban areas but within a different technology. Actual communication demands led to
setting up networks of microwave antennas in most of the urban areas. This allowed
using commercial microwave communication links to predict the spatial distribution
of rainfall intensity has been studied by some authors in the last years (e.g., David et
al., 2009; Zinevich et al., 2009). Recent advances on this purpose include the use of
cellular networks (e.g., Overeem et al., 2011).

RADAR and commercial microwave communication links are technologies based in
the disturbances (scattering and absorption) of microwave radio propagation caused
by rainfall, and thus, have advantages over traditional rain gauge networks as the
absence of additional installation and maintenance costs (Rayitsfeld et al., 2012), and
the higher robustness (Minda and Nakamura, 2005). Moreover, because these
resources are many times available near — or within — the population centres, they
are capable of giving real-time distribution of rainfall intensity with enough resolution
for flash flood forecast purposes.
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2.3.1.1 FIELD STUDIES

Field studies enable the acquisition of hydrological relevant data in real systems, with
natural or artificially imposed rainfall conditions, providing a helpful visualization on
the rainfall-runoff process under moving storms and/or wind-driven rainfall. The
results obtained can be used to verify and calibrate computational models; however,
field campaigns are expensive and highly time-consuming, and thus, careful design of
equipments and appropriate preparation of experimental protocols must be taken
into account when preparing this kind of studies.

Rainfall simulators, which are used to impose artificial rainfall, allow the elimination
of the unpredictable variability of natural rainfall by permitting a controllable, reliable
and predictable simulation of rainfall events. A rainfall simulator is required to
produce an accurate reproduction of the physical features of natural rainfall;
however, some tolerance may be given in the interests of simplicity and cost
(Hudson, 1993). Often-cited Meyer (1988) refers that: The goal of rainfall simulator
research should be the collection of accurate, useful data, not a perfect rainfall
simulator. Despite rainfall simulators cannot meticulously replicate natural rainfall,
they still are the best technique to study overland flow generation (Reaney, 2003).

From RADAR and rain gauge data acquired during summer storms, which occurred
from 1969 to 1972 and led to the flooding of house basements in the city of Ottawa
(Canada), Austin and Austin (1974) found that these flooding events were likely the
result of slow moving storms, which could have more influence on the overland flow
hydrograph than faster moving storms. The authors also referred that these features
of storm dynamics seemed to be more important than either the maximum
instantaneous rainfall rate or the total accumulated rainfall.

Despite the restrictions, when compared to nowadays technologies based on remote
sensing, rain gauge networks for storm tracking were widely used in the early studies
of storm movement influence on overland flow. Shearman (1977) tracked the paths
of 230 storms using 15 rain gauges of the Surrey and Greater London Council areas
(England) to characterize local storm events and compute storm dynamics as the
speed, direction and frequency of storms. Based on two field studies in Cardington
and Winchcombe (England,) in which a total of 219 storms were analysed, Marshall
(1980) described a method to estimate the speed and direction of moving rainstorms
based on cross-correlations between all pairs of rain gauges of a given network for
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different time lags. The method was also capable of providing information about the
rainstorm’s spatial and temporal structures.

The most recent field studies reported in the literature are based in Niemczynowicz’s
long-term rainfall and discharge measurements taken in the city of Lund (Sweden),
where more than 90% of the city area was served by a stormwater drainage system.
Niemczynowicz (1984b) measured the runoff caused by intense rainfall events over
the city for more than 17 months. The storm movement was characterized using a
network of 12 automatic rain gauges with 1-minute resolution. Maximum discharges
were found to take place for storms moving downstream which the same speed than
the average flow velocity in the stormwater drainage system. By applying three
distinct storm track methods it was shown that when the rainfall data acquired from
rain gauges is consistent the storm movement pattern can be easily — however
subjectively — recognized, and that the information about the spatial distribution and
kinematics of short-duration rainfall events helps to diminish errors in overland flow
simulation on urban areas (Niemczynowicz, 1987). Using rainfall data from 10 events
to simulate single-event overland flows, Niemczynowicz (1988) showed that the use
of information acquired with a 12 rain gauge network or with only 3 rain gauges, but
complement with rainfall movement parameters, gave similarly good results, and so,
that a sound knowledge of the storm dynamics could overcome the shortcomings
caused by lack of higher-density rain gauge networks.

Interdisciplinary experimental studies in a variety of climate and physiographic
conditions allow the investigation on the scale and dynamics of spatial rainfall
variability (Berndtsson and Niemczynowicz, 1988). These authors referred that by
bridging the gaps between researchers and engineers some errors and uncertainties,
usual in the modelling of hydrological processes in which the rainfall is a driving force,
may be overcome. The influence of storm movement over a drainage basin on the
shape of the discharge hydrographs is an example of those errors and uncertainties,
which are seldom addressed in engineering applications.

2.3.1.2 LABORATORY EXPERIMENTS

Laboratory simulation allows the analysis of a given hydrological process taking place
in a well-characterized setting. The characteristics of rainfall (e.g., spatial distribution
of rainfall intensity) and the environmental conditions (e.g., air temperature) can thus
be controlled and repeated, permitting an individually analysis of their influence on
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the studied hydrologic process. As with field studies (see Chapter 2.3.1.1) the results
obtained in the laboratory can be used to verify and calibrate computational models
and, because laboratory physical simulation is also expensive and highly time-
consuming, the same requirements regarding equipment design and protocol
delineation must be fulfilled. Rainfall simulators have also a widespread use in
laboratory experimentation of the rainfall-runoff process, since in indoor conditions
the spatial and temporal distribution of the rainfall events can be accurately
reproduced for n-times.

First laboratory studies on the influence of storm movement on overland flow
consisted on two experiments with rainstorms moving upstream and downstream
Amorocho and Orlob (1961) [cited in Liang (2010)]. From these experiments it was
suggested that storm movement could influence the runoff hydrographs.

Consistent experimentation on the influence of moving storms on overland flow over
impervious surfaces started at the University of lllinois, where a 12 m square V-
shaped drainage basin experimental system with 400 raindrop producers was
established. With this equipment Marcus (1968) [cited in Singh (1997a)] studied how
moving storms influenced the distribution of overland flow over time. The same
equipment was used by Yen and Chow (1968; 1969) to investigate the influence of
moving storms on surface runoff by means of dimensional analysis of the resulting
hydrographs. These authors found that storms moving upstream produced a smaller
peak discharge than downstream moving storms. This was confirmed by Roberts and
Klingman (1970) and Townson and Ong (1974) that run controlled experiments on
the conditions affecting the runoff hydrographs. Among other runoff affecting-
factors, storm movement showed to produce systematic changes in the flood
hydrographs. Peak discharges and the hydrograph’s recession limbs showed to be
largely affected by the storm movement.

Hall et al. (1989) described the development of an installation capable of simulating
spatial and temporal controlled rainfall intensities with natural rainfall drop-size
distribution and terminal velocity. The rainfall simulator had, accordingly to the
authors, enough flexibility to simulate stationary, spatially uniform, constant or
variable intensity rainfalls; stationary, spatially non-uniform, constant or variable
intensity rainfalls; and moving storms, of either constant shape (uniform in space) or
growing or decaying with time during their movement. Despite this installed capacity,
studies on its use in storm movement research were not found in the literature.
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In order to assess the effects of storm velocity and direction in the runoff response de
Lima and Singh (2000; 2003) used a sprinkling-type rainfall simulator with the ability
to move over rails to simulate moving storms. The simulations showed that, when
compared with downstream moving storms, storms moving upstream produced
hydrographs with earlier rise, lower peak discharge and longer base time. Both for
storms moving in the downstream and upstream directions, the highest ratio of peak
discharge to total discharged volume was obtained for a storm velocity equal to the
average overland flow velocity. After installing a set of 11-fans to simulate wind-
driven rainfall and other upgrades (e.g., automatic measurement and logging of
runoff data), Isidoro et al. (2012a; 2012b) and Isidoro and de Lima (2012b) used the
same laboratory rainfall simulator to study the influence of high-rise building density,
rooftop connectivity and building height on the rainfall-runoff process in impervious
areas under wind-driven rainfall (Figure 2.10). From these studies it was concluded
that disregarding the density of high-rise buildings, the rooftop connectivity and the
building height could lead to under- or over-estimation of important hydrologic
parameters (e.g., peak discharge, runoff base time) which are indispensable to the
design of urban drainage systems.

Figure 2.10 A physical model of an urban area densely occupied by high-rise buildings is tested on the
laboratory to obtain experimental data of the relation between building density, storm movement,
wind-driven rainfall and overland flow. In these experiences, elements representing buildings could
be removed and repositioned in order to obtain different building occupation densities.
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2.3.1.3 NUMERICAL METHODS

Advantages of numerical simulation in hydrology and hydraulics are widely reported.
The suitability to create and explore diverse scenarios, easiness on modifying input
conditions, capability to obtain (approximate) solutions where no exact solution
exists and low cost for equipment and development are, among other advantages,
often-reported. Nonetheless these advantages, the use of numerical methods also
have some difficulties as model parameterization and quantification of uncertainty in
the results. Despite the evolution of computational capabilities, some more
sophisticated high-resolution numerical models may be significantly time consuming.
Calibration of numerical models (e.g., using field measurements) is also frequently
expensive.

A numerical model was the tool used in the first published article (Yen and Chow,
1968) about the influence of storm movement on runoff (Maksimov, 1964). The
model showed that the storm movement was clearly associated with changes in the
magnitude of the peak discharge.

After the work of Maksimov several authors started using numerical schemes to
indentify changes in the overland flow hydrographs caused by storm movement.
Marcus (1968) [cited in Liang (2010)] applied the continuity and momentum
equations to study the overland flow and channel unsteady flow caused by moving
storms, finding less than 10% of discrepancy between the experimental results and
the ones obtained by the approximate dynamic-wave approach model. A distributed
model to simulate how moving storms in different directions influenced runoff
(Surkan, 1974) showed that peak discharge and average flow rate were most
sensitive to the change of the storm direction and speed. Stephenson (1984)
simulated runoff hydrographs from a storm travelling down a drainage basin using an
implicit scheme proposed by Brakensiek (1967) due to its accuracy and swift
calculation. It was concluded that the storm movement reduced the peak flow, unless
in the downstream storm movement where the model did not showed any change in
the peak runoff rate.

Overland flow sensibility to storm direction and speed became an important research
field. A circular conceptual drainage basin was modelled to show that smaller
catchments are more sensitive to storm movement than larger ones (Ngirane-
Katashaya and Wheater, 1985). In this circular drainage basin, downstream moving
storms originated, for almost all storm speeds, higher peak discharges than upstream
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moving storms. Peak discharge of downstream moving storms initially augmented
with increasing storm speed, reached a maximum and then declined. The upstream
moving storms showed an increase of the peak discharge, although at a decreasing
rate, for all the simulated storm speeds. The relation between storm and channel-
flow speeds was studied for a hypothetical 50-year return period moving storm
(Foroud et al., 1984). When moving downstream, the time to peak flow showed to be
nondependent of the storm speed, if the latter exceeded channel-flow velocity. The
difference in the time to peak flow of a downstream moving storm and an equivalent
stationary rainstorm were negligible; however, when compared to the equivalent
stationary rainstorm, upstream storm movement storms led to higher times to peak
flow, also dependant on the storm’s velocities.

The Storm Water Management Model (SWMM - United States Environmental
Protection Agency), a dynamic rainfall-runoff simulation model developed in 1971
primarily for urban areas and used for single event or long-term simulation of runoff,
was the tool that Niemczynowicz (1984a) used to simulate a conceptual drainage
basin and study the relations between storm movement parameters (e.g., duration,
intensity, velocity and direction of rainstorms) and their influence on peak discharge.
The SWMM was also used by Niemczynowicz (1984b and 1988) to simulate the
rainfall-runoff process in Lund (Sweden) due to moving rainstorms (see Chapter
2.3.1.1).

A finite element runoff model called CASC was developed by Julien et al. (1988) for
spatially varied overland simulation of cascades of planes, and converging and
expanding drainage basin geometries. The CASC model was applied by Richardson
and Julien (1989) with the objective of simulating one-dimensional overland flow
under moving storm blocks over a simple open book geometry drainage basin and to
compare the results with the obtained by means of laboratory experimentation (Yen
and Chow, 1968). Ogden et al. (1995) also used the CASC model for 1D and 2D runoff
simulation on simple planar and complex topography under moving storms,
concluding that the upstream storm movement reduces the magnitude of the
hydrograph peak and that the 2D runoff geometries are much more sensitive to
storm speed than to storm direction.

Based on the non-linear kinematic wave model de Lima and Singh (2002) emphasized
the importance of the rainfall intensity spatial patterns on overland flow under
moving storms. The hydrographs of hypothetical storms with different patterns,
lengths and speeds, moving up and down an impervious plane surface, were
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compared. Significant differences in the hydrograph shapes were noticed. It was also
observed that the influence of storm patterns in the runoff decreased as the storm
speed increased. Another non-linear kinematic wave model was developed by Lee
and Huang (2007) to simulate runoff originated by moving storms over an overland
plane and a V-shaped drainage basin. The numerical model was validated using
laboratory data. The results showed that runoff can attain equilibrium discharge for
downstream moving storms, even if the storm length is shorter than the drainage
basin length, and that the rainfall duration is smaller than the time to equilibrium of
the drainage basin for static uniform storms. These findings are opposed to
conventional hydrology, which presuppose that for the maximum discharge be
attained, the storm duration must be at least equal to the time to equilibrium (e.g.,
Saghafian and Julien, 1995; Singh, 2002b).

Kinematic- and dynamic-wave models were used to evaluate the runoff response to
moving storms in impervious areas (Liang, 2010). Comparison of both models showed
that the kinematic-wave model overestimated the peak discharge for downstream
moving storms, probably due to the backwater effect which cannot be described by
such models; however, the kinematic-wave model produced a good simulation of
runoff caused by upstream moving storms. The dynamic-wave allowed very good
results in the simulation of runoff produced by both downstream and upstream
moving storms. This study also showed that the interaction between backwater in the
channel reaches and incoming lateral flows have a marked influence in the flood
propagation process.

2.3.1.4 ANALYTICAL SOLUTIONS

Analytical solutions for runoff under moving storms have been derived only in the last
two decades. Exact solutions of wind-driven rainfall (inclined rainfall) induced runoff
are not yet known to exist. Analytical-based models are far less demanding on
computational capacity than numerical-based models and can help to give an
important insight on specific hydrological processes. However, exact solutions are
only applicable to a limited number of problems with very particular conditions.

Empirically-based synthetic storms were initially used to obtain exact solutions for
overland flow caused by moving storms. Using an algebraic linear time-area curve
model, Jensen (1984) observed that moving rainfall blocks changed the shape, peak
and time to peak of the runoff hydrographs. To evaluate the influence of storm
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movement on urban drainage systems, Sargent (1981) simulated the passage of a
spatially and temporally distributed synthetic storm, at a range of speeds and
directions, across a number of very simplistic hypothetical drainage basins. The
results showed that the consequences of storm movement in runoff could, under
some circumstances, affect pipe network design. Disregarding the storm movement
showed to result in a significant over-estimation of the runoff peak and volume (thus
to an overdesign of drainage systems) which seemed to be more significant for larger
urban drainage basins (Sargent, 1982).

Analytical studies of the rainfall-runoff process over complex basins gave a step
forward with the research on how the storm movement influence overland flow.
Bengtsson (1991) derived analytical solutions for runoff caused by moving storms
with time-varying rain intensity over a complex drainage basin, assuming constant
concentration times for the distinct systems within the basin. The storm movement
showed to influence the peak runoff, especially in elongated basins. In another work,
Wang and Chen (1996) used a linear spatially distributed model based on ordinary
differential equations to represent the rainfall-runoff process for sub-basins — in
series or parallel — which are assembled to obtain, via Laplace transforms, a general
equation for the whole drainage basin. A unit-step function was used to represent
the rainfall excess of each sub-basin. When compared with upstream moving storms,
discharge hydrographs from downstream moving rainstorms showed to be
characterized by higher peak flows and shorter base times.

Analytical solutions for flow resulting from storms moving up and down a plane were
derived by Singh (1998, 2002a, 2002b) who used the characteristics method to solve
the nonlinear kinematic wave equations. The flows, caused both by moving and static
storms, were compared and significant influence on peak flow, time to peak and
hydrograph shape caused by storm movement was observed. Peak flow and time to
peak flow for downstream and upstream moving storms showed dependence of
storm velocity. Storms moving in the flow direction caused higher peak and steeper
hydrograph’s limbs. Highest peak discharge, both for downstream and upstream
moving storms, happened when the storm velocity was equal to the flow velocity. In
the downstream moving storms, the hydrographs crest was longer for storms with
higher velocity than for lower velocity storms, while in the upstream moving storms
this influence showed to be of less importance. The characteristics method was also
used to solve the nonlinear kinematic wave model of overland flow with time-varying
rainfall on a sloping plane (Mizumura and Ito, 2011a). This solution was compared —
and fitted satisfactorily — with experimental data obtained from a semi-V-shaped
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drainage basin at the Kanazawa Institute of Technology (Japan). Further research
showed that for low-speed storms moving upstream and downstream, the difference
of the water depths at the drainage basin outlet is proportional to the speed of the
moving rainstorm (Mizumura and Ito, 2011a). In this work, it was also observed that
the water depth peak occurs for equal speeds of the moving storm and the overland
flow, and that the moving storm speed effect is larger for drainage basins with milder
bottom slope or lower Strickler roughness coefficient.

Based on Zarmi’s hypothesis (Zarmi et al., 1983), i.e., linear kinematic wave equation
and using Laplace transforms, Isidoro and de Lima (2012a) derived an exact closed
form solution for the entire space-time domain of the overland flow hydrograph. The
continuous solution — which enables evaluation of the discharge over time for the
total drainage plane surface — was validated through comparison with another exact
solution (Singh, 1998), a numerical simulation (de Lima and Singh, 2002) and
experimental laboratory runs using an impermeable flume and a rainfall simulator
(see Chapter 7). The continuous solution fitted perfectly with the exact solution and
the numerical simulation, and was capable to capture satisfactorily the shape of the
experimentally-obtained hydrographs.

2.3.2 OVERLAND FLOW ON NATURAL SURFACES

Despite this thesis is mainly focused on impervious areas it is appropriate to outline
some aspects of storm movement and wind-driven rainfall on overland flow in
natural surfaces, since this kind of coverage also exists on urban areas (e.g., parks and
outdoor recreation complexes).

The influence of storm movement and wind-driven rainfall on the hydrologic cycle in
natural surfaces has undergone greater attention from researchers, when compared
to impervious areas related research. Hydrological studies on natural basins do not
need data with such short spatial and temporal intervals as on urban areas; however,
natural drainage basins occupy much larger areas and are usually less densely
instrumented (e.g., with rain gauges) than urban areas. It is relevant to mention the
importance that remote sensing has on this subject. Remote sensing using satellite
technology allowed expanding our knowledge about rainfall distribution globally. The
first operational meteorological satellite was the TIROS | (Television InfraRed
Observation Satellites — TIROS) which was launched in 1960 (Smith et al., 1986), but
the first satellite dedicated to measure rainfall (Tropical Rainfall Measuring Mission —
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TRMM) was only launched in 1997 (Kidd and Levizzani, 2011). By acquiring real-time
meteorological data over large areas, satellite technology is an essential tool for
environmental processes modelling, namely, for the forecast of rainstorm events and
flood simulation. For an in-depth review of recent developments on weather
satellites see e.g., Kidd et al. (2009).

In natural surfaces, storm movement and wind-driven rainfall have a particular
influence on soil detachment, rill and gully formation and sediment transport, thus
being intrinsically related with water erosion processes. The next paragraphs show
some examples of studies in this field. These references do not pretend to
exhaustively list the work published in the field but only to illustrate the range of
themes addressed in the literature, which is vast.

Laboratory rainfall simulation is a useful way of determining the effect of the
drainage basin properties (shape, slope, size, drainage pattern and soil pattern) and
the rainfall characteristics (intensity and direction of storm movement) on the
outflow hydrographs. Black (1972) conducted a series of laboratory tests on this
subject, concluding that the laboratory models exhibited hydrologic responses similar
to those that would be found in a wide range of real drainage basins. Moreover it was
observed that, the drainage basin shape, individually, does not have a major
influence on peak magnitude but its eccentricity is an important — and easily
measured — expression which affects not only peak flows, but also other parameters
of the hydrographs (e.g., time to peak).

A physically-based model was proposed by Watts and Calver (1991) to study the
rainfall-runoff process for moving storms over a hypothetical drainage basin with 100
km? dominated by subsurface flow. Different scenarios were analysed (e.g., storm
speed, direction and intensity) and, for all the scenarios, downstream moving storms
caused higher runoff peaks than upstream moving storms, with the highest
differences happening for storms with speed and direction near the average peak
channel velocity. Despite the results of these experiments evidenced a similar
behaviour with drainage basins that are dominated by overland flow, the differences
in peak runoff between downstream and upstream moving storms are much smaller
than the observed in the latter.

To study the influence of storm movement on the water erosion process for different
surface slopes, de Lima et al. (2003) used a rainfall simulator with the ability to move
over rails and developed a slope-adjustable soil flume. Results showed a marked
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influence of the storm velocity and direction on the water erosion process. Soil loss
caused by downstream moving storms proved to be higher than the caused by
upstream moving storms. The increase in surface slope showed to augment the
relative differences between soil losses, both for downstream and upstream moving
storms. Storm velocity also showed to affect runoff volume and the associated soil
loss. The increase of storm velocity showed to promote a reduction of soil loss, both
for upstream and downstream moving storms. The absolute and relative differences
between soil loss yields for upstream and downstream moving storms were also
reduced as the storm speed increased.

In recent years particular attention has been given to the combined action of wind
and rainfall, namely through laboratory and field experimentation using rainfall
simulators. A laboratory wind tunnel facility equipped with a rainfall simulator was
used by Erpul et al. (2005) to assess the effect of wind velocities on sand detachment.
Wind-driven and windless rainfall was simulated over splash cups filled with sand. A
kinetic energy sensor was used to measure rainfall energy and the results confirmed
that the observed sand detachment was related to the calculated energy flux.
Uncertainty in rainfall measurements caused by the occurrence of wind were
reported in a field study on the hydrologic impacts of tropical mountain deforestation
to increase pasture area in Costa Rica, carried by a team of the VU University
Amsterdam (Bruijnzeel, 2006). In this study it was showed that high runoff to rainfall
ratios may reflect unmeasured wind-driven rainfall inputs, instead of high fog-water
inputs as is commonly assumed. This study also showed that wind-driven rainfall
inputs can be expected to vary enormously in space due to the variations in exposure
to prevailing winds, presence or absence of intercepting obstacles (e.g., tall trees vs.
short grass) and hillslope steepness.

The temporal evolution of the granulometric distribution of sediments transported in
overland flow, generated by static and moving storms, was studied by de Lima et al.
(2008) by means of laboratory experimentation. In these experiments a rainfall
simulator and a slope-adjustable soil flume were used. Storm movement was
generated by moving the rainfall simulator, with constant speed, in the downstream
and upstream directions over the flume, which was set at different slopes. Storm
movement showed to have an important influence on the grain-size characteristics of
overland flow transported sediments. Downstream moving storms produced higher
stream power than static and upstream moving storms. Using the same rainfall
simulator over a multiple-slope soil flume, de Lima et al. (2011) studied the influence
of storm movement at the hillslope scale confirming the previous findings. Hillslopes
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with the lowest slope near the discharge section showed to suffer less erosion, with
sediments depositing mostly in that area; on the other hand, when the highest slope
was near the discharge section, strong surface erosion and the formation of deeper
ridges were observed. In another laboratory study, Ran et al. (2012) carried out a set
of experiments to study the influence of rainfall characteristics on runoff generation
and soil erosion. From the hydrographs generated by rainfall events with different
intensities, durations, moving directions, positions and no-rainfall intervals (dry-
cycles), it was observed that most of the downstream moving storms events were
characterized by a later rise of the hydrograph and a higher runoff peak, and that the
runoff and erosion rate peaks appeared at the same time when the storms moved in
the downstream direction.

To overcome the limitations of laboratory research and, at the same time, make
possible to investigate, in the field, the interactions between wind and rainfall under
comparable conditions, Fister et al. (2012) developed a Portable Wind and Rainfall
Simulator (PWRS) to study the soil loss processes which are associated with wind and
water erosion, namely with wind-driven rainfall erosion. The PWRS showed to be
capable of reproducing the natural wind and rain conditions, therefore being
adequate for comparative soil erosion studies in the field. A different kind of
approach was taken by Valette et al. (2012) who developed a numerical rainfall
generator for small-scale simulation of rainfall-induced processes as soil loss or soil
surface crusting. The numerical generator produce the input of the rainfall-runoff
process by originating series of individual raindrops, according to a given hyetograph
and a spatial distribution, and at the same time, satisfying an imposed size
distribution. The outputs of the numerical generator showed a good reproducibility
of observed data, thus allowing an adequate simulation of experimental or natural
rainfall events.

2.3.3 APPLICATIONS IN OTHER FIELDS OF CIVIL ENGINEERING

Wind-driven rainfall is also an important subject for other areas in the field of Civil
Engineering beyond hydrology, e.g., in building science where quantifying wind-
driven rainfall action on buildings facades and studying their responses has been a
subject of research over the last years (e.g., Blocken and Carmeliet, 2004). However,
because e.g., wind-driven rainfall is an essential boundary condition for studies
related to the hygrothermal performance and durability of historical and
contemporary building facades, much research work still needs to be done (Blocken
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and Carmeliet, 2010). Experimental, semi-empirical and numerical methods have
been employed on research in this field: experimental methods consist basically in
the measurement of wind-driven rainfall using specific rain gauges with vertical
apertures; semi-empirical methods are usually based on the analysis of relationships
between wind-driven rainfall and the influencing climatic parameters (e.g., wind
speed and rainfall intensity), and numerical methods allow calculating the
movements of raindrops (e.g., around a building), thus being an important help on
the reveal of the inherent complexity of wind-driven rainfall. For an in-depth review
on wind-driven rain on building science see Blocken (2004) and Blocken and
Carmeliet (2004).

The influence of wind-driven rainfall on surface discoloration patterns of a stone
building, studied by Tang et al. (2004) and Tang and Davidson (2004), is an example of
how knowing more about the wind-driven-rainfall behaviour may be applied in
buildings science, e.g., for heritage building conservation. The observed stained
patterns were found to be associated with the non-uniform distribution of wind-
driven rainfall, and as the result of wind, rainfall and building geometry interactions.
Another study on the effect of wind-driven rainfall in masonry walls (Rydock and
Gustavsen, 2007) showed that the observed maximum rain spell intensities striking at
walls placed at different angles is related to the average angular distributions of
annual wind-driven rainfall data. This may be of particular interest for masonry walls
in building facades with relative risk of repeated penetration by rainfall water, where
guantitative wind-driven rainfall data is not available.

The effects of wall-absorbed rainfall water for wind-driven rainfall conditions were
assessed from an estimative of the average catch-ratio distribution over building
facades (Hens, 2010). This estimative was obtained through a combination of
computational (computer fluid dynamics) and empirical (raindrop-trajectory tracing)
methods. The results showed that effects of absorbed rain water in wall assemblies
can be acceptably well estimated using the actual computer tools, but the runoff
water over the walls presents complexity that cannot yet be addressed by existing
models. Computer fluid dynamics was the tool used by van Hooff et al. (2010) to
simulate 3D wind flow and wind-driven rainfall for twelve distinctive stadium
configurations representative of a wide range of real stadiums. Stadium geometry
and roof slope showed to influence the areas of the stand wetted by wind-driven
rainfall. Stadium open roofs and corners showed to promote particular wind-driven
rainfall distributions.
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2.4 NOTATION

The following symbols are used in this chapter:

C capillary rise;

E evaporation;

ET evapotranspiration;
G groundwater flow;

I infiltration;

Ks Strickler coefficient;

R runoff;

SS subsurface flow;

Vi raindrop terminal velocity for windless conditions;
Vw  horizontal wind velocity near the ground level;
Vwor Wind-driven affected raindrop terminal velocity;

0 angle of incidence of the rainfall.
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CHAPTER 3

Floods are natural phenomena which cannot be prevented. However, some
human activities (such as increasing human settlements and economic assets in
floodplains and the reduction of the natural water retention by land use) and
climate change contribute to an increase in the likelihood and adverse impacts

of flood events.
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3. EVOLUTION OF URBANIZATION IN A SMALL
URBAN BASIN: DTM CONSTRUCTION FOR
HYDROLOGIC COMPUTATION

Abstract: The expansion of the urban area (urbanization), which increases impervious
areas like roads, car parks and buildings (roofs), has a major influence on urban
flooding caused by high intensity rainfall events. Population and urban expansion go
hand in hand and hence the risks to people and property rise. A Digital Terrain Model
(DTM) of an area located in the south of Portugal (Cabanas de Tavira, Tavira) was
conceived and developed with the objective of implementing a computational
hydrological simulation tool. This area has seen a noteworthy increase in urban
occupancy. As the natural drainage system, which largely consists of two flow lines,
cannot drain the flow caused by intense precipitation flooding frequently occurs. The
flow lines obtained with this DTM show small differences compared with those
inferred from the available cartography, indicating that the DTM can be a suitable
approximation to the real topography.

Keywords: GIS; DTM; Urbanization; Hydraulic computation

3.1 INTRODUCTION

The expansion of urban area promotes the increase of impervious areas. This fact, in
association with several urban drainage systems that are currently in use, will
enhance the magnitude and recurrence of floods, because those systems were not
conceived for such soil occupation conditions. Adding to this, local effects of
urbanization on the climate are important, causing surface and atmospheric changes
due to the existence of new surface materials, the construction of buildings, roads
and other infrastructures promoting energy and water exchanges and airflow
(Grimmond, 2007). This paper presents the first phase of a study on the influence of
urbanization on urban flooding as a consequence of high intensity rainfall events. It
focuses on the construction of a Digital Terrain Model (DTM) of the actual situation in
a small drainage basin in the south of Portugal with a Mediterranean climate, where
impervious areas have been increasing. This growth has been especially marked in
the last few years with the construction of urban tourism infrastructure in Cabanas
de Tavira, Algarve, in the form of tourist apartments and resorts. This DTM was

65



conceived and developed with the goal of creating a computational hydrological
simulation tool for the basin.

The natural drainage system is mainly composed of two small watercourses (Ribeira
da Canada and Ribeira do Pocinho), which demonstrably have insufficient capacity to
transport storm water, frequently leading to flooding.

The use of GIS techniques provides better hydrological models since they give a more
reliable representation of physical features and processes (e.g., Brandt et al., 2004;
Efstratiadis et al., 2008) and DTMs are among the most important data sources for
deriving variables used by hydrologic and hydraulic models (Bales and Wagner, 2009).
Even taking into consideration all their associated uncertainties (Wechsler, 2006),
GIS-based models have recently been adapted for use in flood forecast and flood
management (e.g., Dietrich et al., 2008).

The next stage will see the inclusion of algorithms for rainfall-runoff and associated
transport process modelling, and then simulations of the urban tissue in different
years will be performed.

3.2 STUDY AREA DESCRIPTION

Cabanas de Tavira is a parish and a former fishing village in the municipality of Tavira,
Algarve, Portugal. With around 1000 permanent residents, it has become a popular
tourist destination, mainly in summer, because of its white sand beach, Praia de
Cabanas, located on an island which is part of the Ria Formosa Natural Park. Fishing
and tourism are the principal economic activities.

Cabanas de Tavira is located near the coastline of the east side of Algarve, the
southernmost district of Portugal (Figure 3.1).

Portuguese military maps (2005) and field observation show that two watercourses
can be defined: Ribeira da Canada and Ribeira do Pocinho, respectively W and E of
Cabanas de Tavira (Figure 3.2). Ribeira da Canada has a basin area of around 3.8 km?,
a main stream length of 10.9 km with an average slope of 1.0%. Ribeira do Pocinho
has a basin area of around 1.1 km? and a main stream length of 1.5 km with an
average slope of 1.5%.
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Land use is essentially pastures and orchards on the upper areas of the basins and
urban development’s on the lower, covering approximately one third of the total
basin area.

Cabanas de
Tavira

Algarve, Portugal | '

.:""47-:' 3
T ;4";Cana5!a ;
2 Ribeirat

Figure 3.2 Water courses in the Cabanas de Tavira urban area.

3.3 GEOGRAPHICAL INFORMATION SYSTEM MODEL

3.3.1 GEOGRAPHICAL DATABASE

A database was created from data available in miscellaneous formats from different
sources. This database integrates a topographic numerical model established by a
Triangulated Irregular Network (TIN) and six sets of vectorial geo-objects. Each set
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was created according to the type of geometrical element used in the representation
— point, line, polygon — and in the nature of the represented entities.

For simplification, we shall generally refer to each set of data as a “theme”, both for
geo-objects and for the DTM itself. Each theme forms one layer or parcel of
representation (necessarily incomplete) of the occurrences considered in this work.

The six vector themes are: (a) two themes of points (one with a sample of elevation
points and another with the position of existing trees); (b) three themes of linear
elements (data related to the roads, railways and a sample of equidistant level
curves, 1.0 m apart); (c) one theme of polygons (representing the area occupied by
buildings).

3.3.2 DTM CONSTRUCTION

The TIN integrating the geographical database was constructed from a topographic
numerical model defined by a set of elevation points and by a sample of equidistant
level curves 1.0 m apart, provided by a topographic survey carried out in 2002, by
photogrammetric restitution. “Hard breaklines” (rupture lines associated with
discontinuities on the surface slope) were not considered for the construction of this
TIN.

Breaklines are an important resource for TIN definition. Because triangle edges
cannot intersect those lines, it is possible to generate a more accurate topographic
surface. This simplification was adopted in this first phase of work, but in future
developments the TIN will have to be reconstructed and applied in detailed
hydrological models in order to incorporate the discontinuities associated with roads
and railways.

The DTM obtained, represented by the TIN, matches a topologically validated three-
dimensional surface where there are no gaps or overlaps between adjacent triangles,
thus allowing the identification of the main elements of a topographic surface:
slopes, valleys and ridges.
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3.3.3 DRAINAGE NETWORK REPRESENTATION

Bearing in mind the goals of this work and the set of spatial analysis tools available,
the software is operating with the data sets expressed in matrix format. A GRID
numerical surface model, with 0.5 m resolution, was built by converting the TIN
(Figure 3.3a). GRID is a geo-referenced matrix form implemented in ArcGis software.

The resulting image, which contains some depressions as a consequence either of the
natural terrain configuration or of errors made during the classification of
cartographic elements, was then analysed. The depressions were corrected to
achieve a more consistent surface flow model. Using this model, flow directions
(Figure 3.3b) and flow accumulation areas were estimated in order to define valleys
and consequently flow lines (Figure 3.3c). Flow lines become apparent in those
valleys and they are represented and classified according to Strahler’s classification,
which defines the hierarchy for the drainage network. Using these elements it was
then possible to identify and delimit all the sub-basins that contributed to the
respective flow lines.

a)

Figure 3.3 Drainage network: (a) GRID; (b) flow directions; and (c) flow lines.
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Figure 3.4 Cabanas de Tavira GIS image.

A combination of the geographical model with the drainage network is presented in
Figure 3.4.

3.4 EVOLUTION OF THE URBAN AREA

The development of the urban area in Cabanas de Tavira can be seen from aerial
photographs (Figure 3.5). Urban areas were defined by using a CAD tool and were
classified as “High Density Area” if the area is mainly occupied by buildings and roads
and “Medium Density Area” if the area is occupied by a lower density of
constructions with significant areas of gardens and parks.

The urban occupation has expanded considerably in Cabanas de Tavira in the last few
years, leading to higher peak discharges and recurrent flood events, as shown from
the analysis of historical records. A comprehensive hydro-meteorological network is
presently being installed in the drainage basin in order to calibrate hydrological
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models which will provide a better insight into the impact of urbanization on small
urban basins in the south of Portugal.

1991 1997 2002 20058
Figure 3.5 Development of the urban area in Cabanas de Tavira from 1991 to 2005 (see also Table

3.1).

Table 3.1 Development of the urban area of Cabanas de Tavira over about 15 years.

Year High density area Medium density area
(km®) (km?)

1991 0.21 0.19

1997 0.26 0.19

2002 0.36 0.23

2005 0.39 0.24

Table 3.1 shows areas of high and medium density construction over a period of
about 15 years. The increase in these values leads to higher runoff coefficients and
therefore to the more frequent and intense urban flooding of the village Cabanas de
Tavira.

It can be seen that the urban area has suffered an increment of more than 50% in the
last 15 years. With this kind of information DTMs can be adapted according to the
chronological evolution of urbanization, thus allowing the analysis and interpretation
of hydrological consequences.

3.5 FLOOD EVENT EXAMPLE

On the 2™ October 2007 there was continuous rainfall in Cabanas de Tavira from
05:00am until 10:30am, with the highest intensity from 07:45am until 08:45am. The
Doppler radar images of the storm obtained from the Instituto Nacional de
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Meteorologia (Portuguese Meteorological Office) showed rainfall intensities
exceeding the 20 mm/h level.

Cabanas de Tavira suffered from flooding during the period of higher rainfall
intensity, when the tide was low (drainage of the lower urban areas depends on the
tide level) (Figure 3.6).

Figure 3.6 Flood in Ribeira do Pocinho on 2" October 2007, next to tourist housing.

The use of a simple hydrological model (rational method) computed a peak flow of
about 1.3 m’/s. Based on the Intensity-Duration-Frequency (IDF) curves for the
Algarve region indicated by Portuguese legislation, the return period estimated for
the event was five years. This and other events will be analysed using the hydrologic
computation tool that is being developed.

3.6 CONCLUSIONS

The DTM developed seems to provide a good discretisation for application with
numerical overland flow models, particularly concerning the definition of flow lines
and corresponding drainage basins. The obtained flow lines exhibit small differences
compared with those inferred from the available maps, showing that the generated
model can be a good approximation to the real topography. Some known
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discontinuity lines will be incorporated in future work and this will improve the
quality of the model. The future work also aims at combining information on the
evolution of urbanization with algorithms to model rainfall-runoff and associated
transport processes. This will allow quantifying the influence of an increase in
imperviousness on the response of an urban drainage system to intense precipitation
events of various return periods.

3.7 ACKNOWLEDGEMENTS

This study was undertaken with the support of projects PTDC/GEOQ/73114/2006,
PTDC/CLI/67180/2006 and PTDC/ECM/70456/2006 from the Portuguese Foundation
for Science and Technology (FCT — Fundacdo para a Ciéncia e a Tecnologia —
www.fct.mctes.pt/).

3.8 REFERENCES

Bales, J.D. and Wagner, C.R., 2009. Sources of uncertainty in flood inundation maps. Journal of Flood
Risk Management, 2, 139-147.

Brandt, C., Robinson, M. and Finch, J.W., 2004. Anatomy of a catchment: the relation o physical
attributes of the Plynlimon catchments to variations in hydrology and water status. Hydrology and
Earth System Sciences, 8 (3), 345—354.

Dietrich, J., Trepte, S., Wang, Y., Schumann, A.H., VoB, F., Hesser, F.B. and Denhard, M., 2008.
Combination of different types of ensembles for the adaptive simulation of probabilistic flood
forecasts: hindcasts for the Mulde 2002 extreme event. Nonlinear Processes in Geophysics, 15, 275—
286.

Efstratiadis, A., Nalbantis, I., Koukouvinos, A., Rozos, E. and Koutsoyiannis, D., 2008. HYDROGEIOS: a
semi-distributed GIS-based hydrological model for modified river basins. Hydrology and Earth System

Sciences, 12, 989-1006.

Grimmond, S., 2007. Urbanization and global environmental change: local effects of urban warming.
The Geographical Journal, 173, 83-88.

Wechsler, S., 2006. Uncertainties associated with digital elevation models for hydrologic applications:
a review. Hydrology and Earth System Sciences, Discuss. 3, 2343-2384.

73






CHAPTER 4






4. INFLUENCE OF WIND-DRIVEN RAIN ON THE
RAINFALL-RUNOFF PROCESS FOR URBAN AREAS:
SCALE MODEL OF HIGH-RISE BUILDINGS

Abstract: The hydrological response of impervious urban areas with varying building
densities to the combined action of wind and rain is not well understood. Exploratory
laboratory simulations were conducted using a scale model of a hypothetical high
density urbanized area with high-rise buildings. 72 runs were conducted for static and
moving storms in upstream and downstream directions, with and without wind, for
different building densities and for an average rainfall intensity of 120 mm/h. The
laboratory experiments show that building density and the spatial and temporal
distribution of rainfall that results from wind and storm movement have a clear
influence on the hydrological response to rainstorms. Increased urbanization
promotes a higher peak discharge, a longer base time and reduces the slope of the
hydrographs rising limbs, while wind-driven rain attenuates these effects. Downhill
storm movement promotes a faster hydrological response and a higher discharge
peak than uphill movement.

Keywords: Experimental methods; Rainfall-runoff analysis; Urban flooding; Urban
hydrology

4.1 INTRODUCTION

Moving storms are a natural phenomenon with a major influence on the rainfall-
runoff process. Ignoring the storm movement can result in a considerable over- and
underestimation of runoff volumes and peaks (e.g., Maksimov, 1964; Yen and Chow,
1969; Wilson et al., 1979; Jensen, 1984; Singh, 1998; de Lima and Singh, 2000; Singh,
2002; de Lima and Singh, 2002; de Lima et al., 2003; Nunes et al., 2006). Urban
development modifies the flood hydrographs of the natural basin (Campana et al.,
2001; Chen et al., 2009; Leandro et al. 2009), and it is important to understand
rainfall-runoff in densely urbanized areas in order to assess pollutant and soil
transport, design urban drainage and wastewater treatment systems, evaluate
diffuse pollution, and also for flood control and flood management systems.

Major problems of urbanization related to urban floods are the increase of
impervious areas (Hollis, 1975; Dawson, 2008) and the difficulty of forecasting urban
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growth and future climate change (Mentens et al., 2006; Nie et al., 2009), which may
cause drainage systems to become inadequate. To a smaller scale, urbanization also
affects local climate (Bornstein and LeRoy, 1990; Quattrochi et al., 1998; Bornstein
and Lin, 2000; Gluch et al., 2006; Carraga and Collier, 2007), because, for instance,
the addition of new surface materials through the construction of buildings, roads
and other infrastructure promotes energy and water exchange which affects local
atmospheric conditions (Grimmond, 2007). Moreover, urban impervious areas
produce faster hydrological responses than natural pervious areas, even for low
rainfall intensity (Dayaratne and Perera, 2008), resulting in overland flow even for
precipitation events with short return period (e.g., Tg=2 years).

The urbanization impact on runoff in urban areas is documented in the literature
(e.g., James, 1965; Hollis, 1975; Booth, 1991) and it is still an important area of
research (Farahmand et al.,, 2007; Nunes et al., 2009; Isidoro et al.,, 2010).
Urbanization has proceeded rapidly since the end of the 19th century (Antrop, 2000)
and the overall percentage of the urban-dwelling population rose from 13% in 1900
to 49% in 2005, a figure expected to reach 60% in 2030 (UN, 2005). All this indicates
that the total amount of urbanized land will continue to increase for some countries
(Nuissl et al., 2009) and that there is no end in sight for this trend (Haase, 2009).

A laboratory rainfall simulator can reproduce a large range of hydrologic conditions
on a plot scale where the spatial and temporal characteristics of precipitation can be
controlled (e.g., de Lima et al., 2002). This is important when analyzing events with
high spatial and temporal variability, like moving storms. The benefits of the rainfall
simulation approach have been studied by some authors when researching overland
flow (e.g., Meyer, 1965; Bryan and Poesen, 1989; Cerda et al., 1997) and including
the analysis of the effects of urbanization growth (e.g., Pappas et al., 2008).

Most methods used in hydrologic studies assume a constant rain storm that arrives
and disappears instantaneously over the drainage area, as opposed to natural
rainfall, which is highly variable both in time and space (e.g., Huff, 1967; Eagleson,
1978; Sharon, 1980; de Lima, 1998; Willems, 2001; de Lima et al., 2005). These
methods therefore fail to take into account the effect on the runoff response caused
by a storm’s movement across the drainage area. The effect of wind-driven rain on
rainfall distribution is also an important issue for runoff and erosion studies (e.g.,
Sharon et al., 1983; Erpul et al., 2003; Blocken et al., 2006) and a topic of interest in
other areas of engineering such as urban construction (e.g., Choi, 1994;
Kumaraperumal et al., 2007; Tariku et al., 2008).
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The objective of this scaled study was to quantify and describe the influence of the
density of high-rise buildings in impervious urban areas on the rainfall-runoff process,
under wind-driven rain. Regarding the scaled model, the term ‘density of high-rise
buildings’ refers to the percentage of catchment area occupied by buildings of a
similar height. Experiments were carried out using a 1:100 scale model of a
hypothetical high density urbanized area with high-rise buildings and a rainfall
simulator. The simulations included static and dynamic rainfall (moving upstream
from and downstream to the catchment outlet), for different building densities.

4.2 RAINFALL SIMULATOR AND SCALE MODEL

The laboratory apparatus consisted of a rainfall simulator attached to a moving
structure (Figure 4.1a), above a hypothetical 1:100 scale model of a high density
urbanized area with high-rise buildings (Figure 4.1b). A discharge measuring system
(water level pressure transducer placed at the bottom of a cylindrical reservoir)
allowed data collection at 1.0 s intervals via a computer (Figure 4.1c). Each
component is described below.
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Figure 4.1 Rainfall simulator and electric fan system on a structure (a), scale model of a hypothetical
high density urbanized area with high-rise buildings (b) and static pressure meter placed at the
bottom of a cylindrical reservoir and data collecting system (c).

4.2.1 THE RAINFALL SIMULATOR SYSTEM

The rainfall simulator system comprises a constant water level reservoir, a pump and
a set of flexible rubberized hoses (pressurized system). The structure bearing the
rainfall simulator moves along 2 rails. It is powered by 2 electric motors and operated
by a control panel. The pressurized system outlet is a sprinkler system with 1
downward-oriented full-cone nozzle (Spraying Systems Co.) equipped with a flow
control valve and pressure gauge.

Moving storms are restricted to forward and backward movements on the rails and
are automatically controlled by a switch panel. The effect of wind on rainfall is
simulated by a set of 11 fans mounted on the upper part of the moving structure. The
flow control valve and pressure gauge are attached to a rod connected to the moving
structure. The relative position of the fans and the nozzle does not change when the
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assembly moves. Further details on the rainfall simulator can be found in de Lima and
Singh (2003).

To assure constant pressure on the nozzle from the start to the end of the rainfall
event, the hydraulic system presented in Figure 4.2 was added to the downstream
end of the pressurized system. It comprises a pressure reduction valve after the
water intake (via a reinforced plastic hose), followed by a T junction with 2 outflow
sections: one with a remote controlled retention valve followed by the full-cone
nozzle, and another with a pressure gauge and a valve to cause a local head loss,
followed by a return hose. The pressure reduction valve after the water intake
prevents the loss of pressure in the system caused by hose elasticity, and so ensures
a constant pressure level throughout each rainfall event. The return hose is
controlled by the head loss valve eliminating excess pressure when the electric
retention valve is closed. Since the regulated pressure in the head loss valve is slightly
lower than that regulated in the pressure reduction valve, a constant flow drains
continuously in the return hose. This flow is negligible compared with the rainfall
sprayed on the scale model.

PRESSURE

‘ RETENTION PRESSURE
VALVE REDUCTION
VALVE

(a) (b)
Figure 4.2 Constant pressure nozzle: hydraulic system scheme (a) and photograph of the operating
system (b).

4.2.2 THE SCALE MODEL

A 1:100 scale physical model was built to represent a hypothetical urban area of
200x200 m?, with a high density of high-rise buildings (rectangular three dimensional
elements representing medium to large buildings of approximately 20 storeys), with
an average h/b ratio of building height to street width of approximately 4:1 (Figure
4.3). Scale model longitudinal and transversal slopes are, respectively, 10.0% and

81



2.5%, consisting of one longitudinal and three transversal semicircular (15 mm radius)
surface drains (Figure 4.4c).

The model’s bottom surface was made of medium density fibreboard (MDF) for the
structural elements and particleboard for the coatings. Panels of painted extruded
polystyrene were glued to the particleboard revetment in order to allow the scale
buildings to be fitted and removed. Elements representing the buildings were made
from plywood. Both buildings and pavements were painted to provide an impervious
surface with similar surface roughness.

Figure 4.3 Scale model: conceptual representation of building elements.

4.2.3 THE FLOW METER AND DATA COLLECTION SYSTEM

To obtain the overland flow hydrographs for each rainfall event a cylindrical reservoir
0.14 m in diameter and 0.60 m deep was placed at the outlet of the scale model. The
reservoir had a high-sensitivity pressure transducer (VEGA Bar 20) connected to a
data logger (Campbell Scientific Ltd. CR510) with a collection interval of 1.0 s. This
system was linked via a RS232 interface (Campbell Scientific Ltd. SC32A) to a
computer (Intel Pentium Il processor, 640 MB RAM) enabling the continuous
monitoring of the sensitivity pressure measurements and data logging.

4.3 METHODOLOGY AND SIMULATIONS

A series of laboratory simulations were conducted to obtain the hydrographs in the
hypothetical scale model basin. Flood hydrographs were obtained for the following
conditions: with or without wind (use of the electric fans); upstream, downstream or
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static rain (regulating the structure movement with the switch panel); density of
buildings (different number of buildings); downhill or uphill storm movement (storm
moving in the main slope direction, downwards or upwards). With this experimental
setup it was possible to reconstitute the complete flood hydrographs at the outlet of
the scale model.

In order to study the flood hydrographs and limit to a manageable size the number of
parameters studied, the following assumptions were taken into account: the area in
the scaled model was set impermeable, a single rainfall pattern with a constant
moving velocity was defined, and both buildings and pavements were set with the
same surface roughness. This allows to isolating the influence of storm movement,
wind-driven rain and density of buildings on the shapes of the flood hydrographs,
while other factors such as catchment characteristics, land use and soil moisture are
kept constant.

4.3.1 CALIBRATION AND VALIDATION

Prior to the rainfall-runoff simulations and data collection, the sensitivity of the
pressure transducer was calibrated and validated in order to guarantee the data’s
accuracy (minute, second, pressure). The range which provided the correct
measurements was found to be 100-475 mm (Figure 4.1c). This was obtained by
checking the quality fitting of a trend line to the data collected previously.

In order to achieve comparable flood hydrographs, a number of preliminary tests
were run to guarantee that the same volume of water was discharged for each
simulation. This depended on: (1) the duration of the rainfall event, (2) wind effect
for the static simulations (the structure being motionless), (3) structure movement
and (4) effect of wind for the dynamic simulations (with the structure in motion). For
the static simulations the duration of the rainfall (T,) was set to 55 s and 74 s, and for
the dynamic simulations the structure was set to move at 4.2x10° m/s and 4.0 x10™
m/s, respectively for the scenarios without wind and with wind. These values were
set to guarantee a total runoff volume of 7.2 litres (which assured that all pressure
measurements were within the previously established range). Accordingly to the
exposed, the simulator speed and the duration of rainfall over the scale model is
expressed in Table 4.1. For the static simulations the duration of rainfall equals the
period in which the nozzle valve is opened, while for the dynamic simulations, it
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equals the time that each rainfall cell takes to completely cross the scale model
(obtained by the cell length/structure velocity ratio).

Table 4.1 Duration of rainfall and simulator speed for different storm scenarios.

Stormmovement  Existence of wind  Duration of rainfall (s) ~ Simulator speed (x1072 ms)

Static Without wind 55 0.0
Static With wind 74 0.0
Dynamic Without wind 52 4.2
Dynamic With wind 113 4.0

4.3.2 RAINFALL SPATIAL DISTRIBUTION

Two rainfall spatial distributions (rainfall cells) were used: all simulations without
wind distribution were approximately symmetrical (Figure 4.4a) and all simulations
with wind distribution were distorted (Figure 4.4b). The simulator produced the same
discharge for the entire set of experiments. Differences at the scale model level, for
static and moving storms, are only in the spatial and temporal distribution of rainfall
intensity as the total precipitated volume obtained was approximately the same in all
the scenarios. The storm movement, upstream and downstream, was assumed
constant and reproduced by displacing one of these rainfall cells across the scale
model. Upstream storm refers to the movement of the rainfall simulator nozzle,
along the middle axis of the scale model, from the lowest point (outlet) to the
highest. Downstream refers to movement of the rainfall simulator nozzle in the
opposite direction (Figure 4.4c). During the dynamic simulations, the rainfall
simulator travelled the entire length of the rail system, allowing the rainfall cell to
cross over the full extension of the scale model.

Rainfall intensity was determined by the nozzle size and type, the water pressure and
the height of nozzle above the model’s surface. The operating pressure, registered on
the pressure gauge, was set at 145 kPa. The vertical distance from the nozzle to the
middle point of the scale model surface was 2.0 m. The average rainfall intensity was
120 mm/h. The spatial variation of the rainfall intensity was obtained by weighing the
water captured, for a 4 min duration rainfall, in a 0.3 m spaced grid of uniformly
arranged receptacles that covered all the rainfall-affected area. This measurement
was taken 3 times for both rainfall distributions, to obtain statistical
representativeness. The diameter and fall velocity ranges of raindrops, measured at
the scale model level by means of a laser precipitation monitor (Thies LPM), were
0.125-3.000 mm and 0.2-6.6 m/s. The most frequent measurements were 0.750 mm
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and 3.4 m/s, respectively. The values are within the range found in literature (e.g.,
Coutinho and Tomas, 1995)
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Figure 4.4 Distribution of simulated rainfall intensity (isohyets every 25 mm/h) under the nozzle:
without wind (a); with wind (b). Sketch of rainfall cell movement along the scale model (c).

4.3.3 WIND CHARACTERIZATION
The wind velocity fields were obtained by an anemometer (Deuta-Werke ANEMO)

placed at different grid points on an orthogonal mesh. The mesh of 0.15 m spaced
grid points was spatially established (with thin nylon lines). The sides of the grids
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were 2.0 m and the wind speed was measured at all the grid points (Figure 4.5). The
measured values are within the range found in literature (e.g., Shearman, 1977).
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Figure 4.5 Wind speed fields at 0.15 m (a), 1.00 m (b) and 2.00 m (c), from the fans. Sketch of wind
speed fields’ positions relative to the fans (d).

4.3.4 SIMULATED STORM SCENARIOS

The influence of high-rise buildings on the rainfall-runoff process in (impervious)
urban areas, in wind-driven rain conditions, was studied by performing simulations to
obtain the flood hydrographs for each combination of different scenarios (Table 4.2).
Each simulation was repeated 3 times for statistical representativeness, with a total
of 72 events being simulated.
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Table 4.2 Scenarios used in the simulations.

Storm movement Existence of wind

Density of high-rise

Storm movement

buildings (%) direction
Static Without wind 0.0 Uphill
Dynamic With wind 12.5 Downhill
25.0
37.5

The density of high-rise blocks was changed by placing these blocks in specific areas
of the model (Figure 4.6). This occupancy was defined with the purpose of obtaining a
similar density of buildings throughout the model for all the simulated scenarios.
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Figure 4.6 Density of the high-rise building blocks used on the scale model.

Each simulation started 15 minutes after the end of the previous event, so that the
moisture content of the scale model was approximately the same for all scenarios. In
fact, because of the scaled model slope and impervious surface, only a few water
drops remained in the surface after each precipitation event due to the water surface
tension and viscosity forces. Thus, the initial moisture content had negligible effect
on the flood hydrographs. Before the first simulation in each session, the scale model
was dampened by the rainfall simulator for 5 minutes, followed by a 15-minute
drying period. For each simulation, the time interval from the instant the first
raindrop touched the model until the establishment of runoff was measured and
registered manually.
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4.4 RESULTS AND DISCUSSION

The information acquired by the data collection system was plotted into a series of
flood hydrographs, which were used to determine the following variables (Figure
4.7): Time to peak (T,), is the time it takes since the initiation of flow at the scale
model outlet until the highest discharge is attained; Base time of runoff (Ty), is the
time it takes since the initiation of flow at the scale model outlet until a zero
discharge is measured; Peak discharge (Q,), is the highest measured discharge value;
Average discharge (Q,,), is the total discharged volume per time unit during the base
time of runoff; Angle between the rising limb of the hydrograph and the horizontal
axis (a), is the angle between the time axis (horizontal axis) and the rising limb of the
hydrograph, measured on the hydrograph itself. T, is the duration of the rainfall
event.

NOTATION

Discharge

Time
Figure 4.7 Notation used to define the hydrologic variables obtained through the experimental
hydrographs.

The variables obtained are summarized on Table 4.3. For the same total volume of
rainfall the presence of buildings causes a slower hydrologic response and reduces
discharge peaks. Higher construction density promotes the collision of raindrops into
buildings’ walls and roofs, increasing the travel time of overland flow.
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Table 4.3 Observed peak discharge, time to peak discharge, slope of the rising limb of the
hydrograph, base time of runoff and average discharge, for all the experimental runs.

. . Without wind With wind
Simulated storm scenario

Qp(a) Tp(b) OL(C) Tb(d) Qm(e) Qp(a) Tp(b) 0L(C) Tb(d) Qm(e)

Static storm

Density - 0.0% 0141 19 049 90 0.08 0.108 21 037 109 0.07
:0.0%

Static storm
Density: 12.5%
Static storm
Density: 25.0%
Static storm
Density: 37.5%

0122 26 0.26 103 0.06 0099 25 0.26 124 0.06

0113 31 022 124 0.05 0.094 39 014 133 0.05

0.118 43 0.16 134 0.05 0.089 45 0.12 165 0.04

Uphill moving storm
Density: 0.0%
Uphill moving storm
Density: 12.5%
Uphill moving storm
Density: 25.0%
Uphill moving storm
Density: 37.5%

0122 69 016 123 0.05 0.106 76 0.10 150 0.05

0.108 73 014 139 0.05 0.094 77 0.08 157 0.04

0101 71 012 154 0.04 0078 79 0.07 164 0.04

0092 79 0.11 157 0.04 0.078 79 0.07 178 0.04

Downhill moving storm
Density: 0.0%
Downhill moving storm
Density: 12.5%
Downhill moving storm
Density: 25.0%
Downhill moving storm
Density: 37.5%

0139 72 0.23 105 0.06 0.108 65 0.13 139 0.05

0129 73 0.19 108 0.06 0.097 74 010 145 0.04

0.106 73 0.17 125 0.05 0.087 65 0.09 153 0.04

0.104 82 0.13 134 0.05 0.080 78 0.08 166 0.04

(a) Q, — Peak discharge (x 10° m’/s).

(b) T, — Time to peak (s).

(c) oo — Angle between the rising limb of the hydrograph and the horizontal axis (°).
(d) T, — Base time of runoff (s).

(e) Qun — Average discharge (x10° m’/s).

Increased building densities reduced the peak discharge. This effect is minimized by
the effect of wind-driven rain (Table 4.3). As an example of this, comparing the 37.5%
building density and the scenarios without buildings, the peak discharge falls (values
in x10® m3/s) from 0.141 to 0.118 (16%), 0.122 to 0.092 (25%) and 0.139 to 0.104
(25%) respectively for the static, uphill and downhill storms (without wind), and from
0.108 to 0.089 (18%), 0.106 to 0.078 (26%) and 0.108 to 0.080 (26%) respectively for
the static, uphill and downhill storms (with wind).
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The steepness of the rising limb of the flood hydrographs is also affected by the
density of high-rise buildings. Table 4.3 shows that an increase in building density
promotes a weaker hydrologic response, and that wind-driven rain reduces the rising
limb slopes of the hydrographs, compared to the scenarios without wind, for static
and moving (uphill and downhill) rainfall. Comparing the 37.5% building density and
the scenarios without-buildings, there is a reduction of the rising slope of the
hydrograph (values in °) from 0.49 to 0.16 (67%), 0.16 to 0.11 (31%) and 0.23 to 0.13
(43%) respectively for the static, uphill and downhill storms (without wind), and from
0.37 to 0.12 (68%), 0.10 to 0.07 (30%) and 0.13 to 0.08 (38%) respectively for the
static, uphill and downhill storms (with wind).

Figure 4.8 show the dimensionless hydrographs, whereby the measured discharge
(vertical axis) is divided by the precipitation intensity (120 mm/h) and the scale model
surface area (4.00 m?), while time (horizontal axis) is divided by the duration of
rainfall (see Table 4.1). The dimensionless overland flow hydrographs presented in
Figure 4.8 exhibit noticeable differences with respect to the shapes, rising limb times
and peak discharges for the different scenarios.
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Figure 4.8 Dimensionless overland discharge hydrographs for: a) static rainfall without wind; b) static
rainfall with wind; c) uphill moving rainfall without wind; d) uphill moving rainfall with wind; e)
downhill moving rainfall without wind; f) downhill moving rainfall with wind.

Dimensionless flood hydrographs of the static storms (Figures 4.8a and 4.8b) show an
earlier rise of the rising limb, because the rainfall begins to fall at once on the scale
model, as opposed to the moving storms where the rainfall cell has to travel along
the model. Therefore, it takes approximately 30 s for the surface runoff to reach the
outlet. Uphill-moving storms produce flood hydrographs (Figures 4.8c and 4.8d) with
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earlier runoff start time, lower peak discharge, less steep rising limb, and longer base
time compared with downhill-moving storms (Figures 4.8e and 4.8f). This is in
accordance with the results obtained by other authors (e.g., de Lima and Singh, 2002;
de Lima et al., 2003; Nunes et al., 2006).

For downhill moving storms, higher peak flow can be explained by the horizontal
components of the raindrops velocities which are in the same direction of flow, while
for an uphill moving storm those components are against the flow. This means that
(the component of) the momentum transferred to overland flow by rainfall is in the
same direction of the flow, thus “pushing” a larger volume of water downhill.

For uphill moving storms, the momentum is against the flow direction, thus retarding
the last, and therefore increasing the base time, which will diminish the peak
discharge. Also when the storm is moving in the uphill direction, raindrops will first
start to fall near the outlet section, meaning that runoff will initiate nearer that
section, thus a sooner rise will happen than on a downhill moving storm, in which the
arrival of water contribution from the upper areas will be delayed.

Lower base time of downhill moving storm, when compared to uphill moving storms,
is a consequence of the steeper rise of the hydrographs limb. For the same runoff
volumes, due to the previously explained, discharge values for downhill storm
movement are higher, and thus the base time is lower.

Comparing the scenarios without wind (Figures 4.8a, 4.8c and 4.8e) with wind-driven
rain (Figures 4.8b, 4.8d and 4.8f) the former dimensionless hydrographs show lower
peak discharges, less steep rising and recession limbs and longer base times, because
of the spread of the rainfall cell (Figures 4.4a and 4.4b), and/or higher building
interception.

The effect of wind-driven rain on peak discharge can also be observed in Table 4.4,
which presents the relative differences of the measured peak discharges for the
without- and with-wind scenarios (AQ™®'=(QPuithout wind-QPwith wind)/ QPwithout wind), for all
the simulated scenarios’ combination of storm movement and building densities.

rel

Highlighted figures correspond to AQp ™~ for the same building density, showing that
the occurrence of wind has a good effect on lowering the discharge peak for all the
simulated storms (static, uphill and downhill) and building densities, mainly because

of the lateral interception of raindrops by the buildings.
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Table 4.4 Relative differences of peak discharges (AQp™) for the with- and without-wind storms, for

all the simulated scenarios’ combinations (values in %).

Wind Without wind
Density of 0.0% 12.5% 25.0% 37.5%
buildings
Storm . . . . . . . . . . . .
Static ~ Uphill Downbhill Static ~ Uphill Downbhill Static ~ Uphill Downbhill Static ~ Uphill Downbhill
movement
Static 23.33 11.54 22.03 11.54 0.00 16.36 417 -6.98 -2.22 8.00 -17.95  -455
0.0% Uphill 25.00 13.46 23.73 13.46 217 18.18 6.25 -4.65 0.00 10.00 -15.38  -2.27
Downhill  23.33 11.54 22.03 11.54 0.00 16.36 4.17 -6.98 -2.22 8.00 -17.95  -455
Static 30.00 19.23 28.81 19.23 8.70 23.64 12.50 2.33 6.67 16.00 -7.69 4.55
= 12.5% Uphill 33.33 23.08 32.20 23.08 13.04 21.27 16.67 6.98 11.11 20.00 -2.56 9.09
g Downhill ~ 31.67 21.15 30.51 21.15 10.87 25.45 14.58 4.65 8.89 18.00 -5.13 6.82
= Static 33.33 23.08 32.20 23.08 13.04 21.27 16.67 6.98 11.11 20.00 -2.56 9.09
s 25.0% Uphill 4500 3654  44.07 36.54 28.26  40.00 31.25 23.26 26.67 34.00 15.38 25.00
Downhill ~ 38.33 28.85 37.29 28.85 19.57 32.73 22.92 13.95 17.78 26.00 5.13 15.91
Static 36.67 26.92 35.59 26.92 17.39 30.91 20.83 11.63 15.56 24.00 2.56 13.64
37.5% Uphill 4500 3654 4407 36.54 2826 40.00 31.25 23.26 26.67 34.00 15.38 25.00
Downhill ~ 43.33 34.62  42.37 34.62 26.09 38.18 29.17 20.93 24.44 32.00 12.82 22.73

| without wind with wind
rel <Qp )

Notes:  Negative relative AQp™ value (Qp
AQp™ for the same storm movement and buildings density

rel

AQp™ values equal or above 30.00%

Generally, AO\preI values fall from the bottom left to the top right corners of Table 4.4.
This indicates that for static, uphill and downhill moving storms, wind-driven rain
induces a consistent reduction of overland flow in urban impervious surfaces, which
becomes more important as the density of high-rise buildings increases.

Table 4.4 shows that AQpre' grows with increasing building density for a without-wind

| . .
"® values increase from top to bottom in all columns

storm scenario as reference (AQp
— e.g., first column from the left, starts with 23.33, 25.00 and 23.33, and ends with
36.67, 45.00 and 43.33, respectively for static, uphill and downhill storms). AQp
diminishes with increasing building density for a with-wind storm scenario as
reference (AQp values decrease from left to right on all lines — e.g., first line from the
top, starts with 23.33, 11.54 and 22.03, and ends with 8.00, -17.95 and -4.55,

respectively for static, uphill and downhill storms).

Figure 4.9 further illustrates the differences in the dimensionless peak discharge for
uphill vs. downhill moving rainfall. This difference is plotted for the scenarios with
and without the occurrence of wind, for different high-rise building density. Downhill
moving storms clearly produce higher peak discharges (all points are located below
the 1:1 line).
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Figure 4.9 Uphill vs. Downhill dimensionless peak discharges for moving storms, without and with
wind (in the legend ‘W’ refers to simulations with wind).

The dimensionless hydrographs rising limb angles (a*) for the no-wind and wind-
driven rainfall scenarios, for different densities of high-rise buildings are presented in
Figure 4.10). The increase of the density of high-rise buildings is linearly correlated
with the decrease of the hydrographs rising limb steepness, regardless of the type of
storm. R’ for downbhill, static, and uphill rainfall is, respectively, 0.98, 0.97 and 0.96
for the no-wind rainfall, while for the wind-driven rainfall it is 0.96, 0.94 and 0.87.

80

70

Static

: A
60 Downhill & R2=0.97 Static Downhill

50

a*

40

30 30 1
20 20 1
10 10 4
0 - T T 0 T T 1
0.0 125 25.0 375 0.0 125 25.0 375
Surface area occupied by high-rise buildings (%) Surface area occupied by high-rise buildings (%)
(a) (b)

Figure 4.10 Dimensionless hydrograph’s rising limb angle (a*) for different high-rise building
densities for (a) no-wind rainfall and (b) wind-driven rainfall scenarios.

4.5 SUMMARY AND CONCLUSION

One of the major issues in urban areas is the faster hydrological response of the
urbanized catchment compared with natural areas, when exposed to extreme
precipitations (see Introduction). The laboratory simulations described in this work
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stress that the density of high-rise buildings, the spatial and temporal distribution of
rainfall, the occurrence of wind, and the rain cell movement all have an influence on
the overland flow in an urban environment, particularly on the changes caused on
the shapes, peak discharges, base times and steepness of the flood hydrographs.

The following conclusions can be drawn from these experiments: (1) storm cell
direction affects peak discharge and steepness of the rising limb of the hydrograph,
and these are higher for downhill movement than for uphill; (2) increased density of
high-rise buildings, for the same impervious urban area and without the occurrence
of wind, has the favourable effect of lowering the discharge peak and increasing the
overland discharge base time; (3) wind-driven rain reduces the differences
mentioned above (because of higher lateral interception by the buildings); (4)
steepness of rising limbs of hydrographs for the wind-driven and without-wind
rainfall scenarios have linear variations with respect to the evolution of high-rise
building density. Thus it is likely that the disregard of the density of high-rise buildings
in real systems, as shown in the scaled model, can lead to under- or over-esti