
Flood Risk Management
Edited by Theodore Hromadka and Prasada Rao

Edited by Theodore Hromadka and Prasada Rao

Photo by S. Wachiraboworntham / iStock

In this book, contributions from several experts specializing in the area of flood risk 
management are assembled into a single volume. Application and testing of numerical 
and statistical models that can simulate the complex reality along with effective flood 
management strategies that are being implemented in various nations are presented. 

This collection of topics will provide an update to the reader as to the state of the art in 
this important technical field.

ISBN 978-953-51-3465-7

Flood Risk M
anagem

ent





FLOOD RISK
MANAGEMENT

Edited by Theodore Hromadka
and Prasada Rao



Flood Risk Management
http://dx.doi.org/10.5772/66850
Edited by Theodore Hromadka and Prasada Rao

Contributors

Kai Wang, Mingkai Qian, Mohammad Mojtahedi, Sidney Newton, Faham Tahmasebinia, Ali Assani, Mohd Talha 
Anees, Khiruddin Abdullah, Mohd Nawawi Mohd Nordin, Nik Norulaini Ab Rahman, Mohd Omar Ab Kadir, 
Muhammad Izzuddin Syakir Ishak, Mohammad A. Hijji, Saad Amin, Wayne Harrop, Rahat Iqbal, Muhammad Saleem 
Ashraf, Sebastian Goers, Friedrich Schneider, Horst Steinmüller, Andreas Zauner, Elżbieta Jarosińska, Katarzyna 
Pierzga, Benjamin Kofi Kofi Nyarko, Adams Osman, Felipe I. Arreguin-Cortés, Claudia Elizabeth Cervantes-Jaimes, 
Barry Hankin, Nick Chappell, Milena Marília Nogueira De Andrade, Iris Celeste Nascimento Bandeira, Paulo Eduardo 
Silva Bezerra, Ádanna Andrade, Rodrigo Oliveira, Dianne Fonseca, Oscar Dena, Griselda Janeth Obeso Cortez, Diane 
Irene Doser, Luz Estella Torres Molina, Avelino Isaias Mondlhane

© The Editor(s) and the Author(s) 2017
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2017 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Flood Risk Management
Edited by Theodore Hromadka and Prasada Rao

p. cm.

Print ISBN 978-953-51-3465-7

Online ISBN 978-953-51-3466-4

eBook (PDF) ISBN 978-953-51-4690-2



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,650+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

114,000+
International  authors and editors

118M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editors

Theodore Hromadka, PhD, PH, PE, has extensive scien-
tific, engineering, expert witness, and litigation support 
experience. His frequently referenced scientific contribu-
tions to the hydrologic, earth, and atmospheric sciences 
have been published in the peer-reviewed scientific 
literature including 26 books and over 400 scientific 
papers and book chapters. His professional engineering 

experience includes supervision and development of over 1500 engineer-
ing studies. He is currently a faculty at West Point Academy and California 
State University, Fullerton.

Prasada Rao, PhD, is a professor in Civil and Environ-
mental Engineering Department at California State 
University, Fullerton. His current research areas relate 
to climate change, surface and subsurface flow mod-
eling, and computational mathematics. He is also the 
associate director for International Institute for Compu-
tational Engineering Mathematics. The topics of climate 

change, weather prediction, atmospheric sciences, and other related fields 
are gaining increased attention due to the possible impacts of changes in 
climate and weather upon the planet. Concurrently, the increasing ability 
to computationally model the governing partial differential equations that 
describe these various topics of climate has gained a great deal of attention 
as well. In the current book, several aspects of these topics are examined 
to provide another stepping stone in recent advances in the fields of study 
and also focal points of endeavor in the evolving technology.





Contents

Preface XI

Chapter 1 Strategies for Testing the Impact of Natural Flood Risk
Management Measures   1
Barry Hankin, Peter Metcalfe, David Johnson, Nick A. Chappell,
Trevor Page, Iain Craigen, Rob Lamb and Keith Beven

Chapter 2 Flood Risk Mapping in the Amazon   41
Milena Marília Nogueira de Andrade, Iris Celeste Nascimento
Bandeira, Dianne Danielle Farias Fonseca, Paulo Eduardo Silva
Bezerra, Ádanna de Souza Andrade and Rodrigo Silva de Oliveira

Chapter 3 Floods Forecast in the Caribbean   55
Luz Estella Torres Molina

Chapter 4 Economic Growth and Employment Effects as a Result of the
Upper Austrian Flood Protection Building Program   79
Sebastian Goers, Friedrich Schneider, Horst Steinmüller and
Andreas Zauner

Chapter 5 Geodesign a Tool for Redefining Flood Risk Disaster in
Developing Countries: A Case Study of Southern Catchment of
Ankobra Basin, Ghana   93
Adams Osman and Benjamin Nyarko

Chapter 6 An Additive Statistical Modeling Approach to the Analysis of
Transport Infrastructure Flood Risk-Based Resilience   107
Mohammad Mojtahedi, Sidney Newton and Faham Tahmasebinia

Chapter 7 Flood Management in China: The Huaihe River Basin as a
Case Study   129
Qian Mingkai and Wang Kai



Chapter 8 Two-Dimensional Hydraulic Modeling and Geotechnical
Analysis of Earthen Regulation Dams Located at Arroyo Las
Viboras Watershed in a Major Transboundary Mexico-USA
Metroplex: How an Ordinary Rain Event Caused Major Damage
Related to Extraordinary Flooding?    153
Oscar Sotero Dena Ornelas, Diane Irene Doser, Oscar Fidencio
Ibañez Hernández, Griselda Janeth Obeso Cortez and Miguel Angel
Galdean Vega

Chapter 9 Understanding Flood Risk Management in Asia: Concepts and
Challenges   177
Saleem Ashraf, Muhammad Luqman, Muhammad Iftikhar, Ijaz
Ashraf and Zakaria Yousaf Hassan

Chapter 10 Analysis of the Influence of the 2007–2008 La Niña Events,
Land Use, and Dam Management Modes on the 2008 Spring
Freshet Characteristics in Quebec, Canada   205
Ali Arkamose Assani

Chapter 11 One- and Two-Dimensional Hydrological Modelling and Their
Uncertainties   221
Mohd Talha Anees, Khiruddin Abdullah, Mohd Nawawi Mohd
Nordin, Nik Norulaini Nik Ab Rahman, Muhammad Izzuddin Syakir
and Mohd. Omar Abdul Kadir

Chapter 12 Multicriteria Decision Analysis for Flood Risk Management: The
Case of the Mapai Dam at the Limpopo River Basin,
Mozambique   245
Avelino I. Mondlane

Chapter 13 Flood Risk Management in Mexico   261
Felipe I. Arreguín-Cortés and Claudia Elizabeth Cervantes-Jaimes

Chapter 14 Estimating Flood Quantiles on the Basis of Multi-Event Rainfall
Simulation   275
Elżbieta Jarosińska and Katarzyna Pierzga

Chapter 15 Towards the Development of a Capability Assessment System
for Flood Risk Management   293
Mohammad Hijji, Saad Amin, Wayne Harrop and Rahat Iqbal

X Contents



Chapter 8 Two-Dimensional Hydraulic Modeling and Geotechnical
Analysis of Earthen Regulation Dams Located at Arroyo Las
Viboras Watershed in a Major Transboundary Mexico-USA
Metroplex: How an Ordinary Rain Event Caused Major Damage
Related to Extraordinary Flooding?    153
Oscar Sotero Dena Ornelas, Diane Irene Doser, Oscar Fidencio
Ibañez Hernández, Griselda Janeth Obeso Cortez and Miguel Angel
Galdean Vega

Chapter 9 Understanding Flood Risk Management in Asia: Concepts and
Challenges   177
Saleem Ashraf, Muhammad Luqman, Muhammad Iftikhar, Ijaz
Ashraf and Zakaria Yousaf Hassan

Chapter 10 Analysis of the Influence of the 2007–2008 La Niña Events,
Land Use, and Dam Management Modes on the 2008 Spring
Freshet Characteristics in Quebec, Canada   205
Ali Arkamose Assani

Chapter 11 One- and Two-Dimensional Hydrological Modelling and Their
Uncertainties   221
Mohd Talha Anees, Khiruddin Abdullah, Mohd Nawawi Mohd
Nordin, Nik Norulaini Nik Ab Rahman, Muhammad Izzuddin Syakir
and Mohd. Omar Abdul Kadir

Chapter 12 Multicriteria Decision Analysis for Flood Risk Management: The
Case of the Mapai Dam at the Limpopo River Basin,
Mozambique   245
Avelino I. Mondlane

Chapter 13 Flood Risk Management in Mexico   261
Felipe I. Arreguín-Cortés and Claudia Elizabeth Cervantes-Jaimes

Chapter 14 Estimating Flood Quantiles on the Basis of Multi-Event Rainfall
Simulation   275
Elżbieta Jarosińska and Katarzyna Pierzga

Chapter 15 Towards the Development of a Capability Assessment System
for Flood Risk Management   293
Mohammad Hijji, Saad Amin, Wayne Harrop and Rahat Iqbal

ContentsVI

Preface

The topic of flood risk management is an important subject to practitioners and researchers
specializing in a variety of technical disciplines. The audience of people that deal with topics
in flood risk management include urban planners, municipal engineers, civil engineers,
flood plain managers, as well as the individuals living within the floodplain of a nearby wa‐
tercourse. Key topics of interest include rainfall, storm runoff, storage of runoff, transport of
storm runoff, flood infrastructure, and several other focal points including computational
engineering mathematics, computational hydrology and hydraulics, statistical methods for
use in assessment of future rainfall quantities as well as runoff quantities, ice flows and their
impacts, and general engineering principles involving related subjects such as sediment
transports, coastal engineering, and the more recent endeavors addressing topics in global
climate change and modeling. Many of the topics covered in the typical University STEM
programs are particularly relevant.

In this book, contributions from several experts are assembled into a single volume that ad‐
dresses many of the components of flood risk management. Application and testing of nu‐
merical and statistical models that can simulate the complex reality along with effective
flood management strategies that are being implemented in various nations are presented in
depth. These chapters will advance the knowledge in flood risk management, which has
now become a conversational topic across all nations.

This collection of topics will provide an update to the reader as to the state of the art in this
important technical field.

Dr. Theodore Hromadka
United States Military Academy, West Point, NY, USA

California State University, Fullerton, CA, USA

Dr. Prasada Rao
California State University, Fullerton, CA, USA





Chapter 1

Strategies for Testing the Impact of Natural Flood Risk
Management Measures

Barry Hankin, Peter Metcalfe, David Johnson,
Nick A. Chappell, Trevor Page, Iain Craigen,
Rob Lamb and Keith Beven

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68677

Abstract

Natural Flood Management (NFM) is an approach that seeks to work with natural pro-
cesses to enhance the flood regulating capacity of a catchment, whilst delivering a wide 
range of ecosystem services, from pollution assimilation to habitat creation and carbon 
storage. This chapter describes a tiered approach to NFM, commencing with strategic 
modelling to identify a range of NFM opportunities (tree-planting, distributed runoff 
attenuation features, and soil structure improvements), and their potential benefits, 
before engagement with catchment partners, and prioritisation of areas for more detailed 
hydrological modelling and uncertainty analysis. NFM measures pose some fundamen-
tal challenges in modelling their contribution to flood risk management because they are 
often highly distributed, can influence multiple catchment processes, and evidence for 
their effectiveness at the large scale is uncertain. This demands we model the ‘upstream’ 
in more detail so that we can assess the effectiveness of many small-scale changes at 
the large-scale. We demonstrate an approach to address these challenges employing the 
fast, high resolution, fully-distributed inundation model JFLOW, and visualisation of 
potential benefits in map form. These are used to engage catchment managers who can 
prioritise areas for potential deployment of NFM measures, where more detailed model-
ling may be targeted. We then demonstrate a framework applying the semi-distributed 
Dynamic TOPMODEL in which uncertainty plays an integral role in the decision-making 
process.

Keywords: natural flood risk management, uncertainty

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

Natural Flood Management (NFM), commonly referred to in the UK as Working with Natural 
Processes (WWNP), has been defined as taking action to manage flood risk by protecting, 
restoring and emulating the natural regulating function of catchments, rivers, floodplains 
and coasts [1]. NFM can integrate improvements to the local landscape and ecology, thereby 
contributing to meeting environmental goals (such as European Water Framework Directive 
objectives). Compared to hard-engineered Flood Risk Management (FRM), NFM is becoming 
attractive to policy makers and catchment managers due to lower upfront costs, the potential to 
create multiple ecosystem benefits (e.g. carbon storage, diffuse pollution and sediment risk reg-
ulation), and for its flexible scale of deployment, which may also help to stimulate or encour-
age community involvement. The mechanisms to achieve such aims include run-off storage, 
increasing soil infiltration, slowing surface water movement and reducing flow connectivity.

Across a catchment, there can be many different opportunities for NFM such as upland mire 
restoration, revised/modified land management and land use, woodland creation, sediment 
management, built water storage, river restoration and development of Runoff Attenuation 
Features (RAFs) to intercept overland flow. The key characteristics shared by these measures 
are that they are typically small-scale and highly distributed, and potentially alter a wide 
range of catchment processes. As a consequence of their small scale and local impact, they are 
mostly likely to be effective in reducing downstream flooding when implemented widely in 
the headwaters of catchments to reduce streamflow reaching downstream floodplains.

Catchment models routinely applied by regulatory agencies and water authorities for flood 
risk assessments, forecasting, water resources planning or water quality management, tend 
to represent upstream areas as discrete sub-catchments with uniform inputs. This can be very 
effective for simulating flows in the river further downstream near urban settlements, but 
averages over the effects of small-scale interventions and thus loses information into their 
impacts on the various hydrological processes of interest. For highly distributed, smaller scale 
measures and interventions, it will be vital to consider new approaches that not only scale 
their impact up more accurately but also consider the uncertainty in the representation of 
how catchment processes might change. There are still large evidence gaps and a need to test 
the effectiveness of these distributed measures against observational data. This will require 
detailed monitoring of catchment processes. A recent survey [2], however, showed that as few 
as 6% of NFM schemes in the UK have intensive hydrological monitoring.

The approaches demonstrated here aim to address the scaling-up problem in a way that 
reflects the uncertainty in the representation of small-scale hydrological processes and flood 
mitigation methods. In doing so we meet the challenge that was put to environmental mod-
ellers by Beven in 2009 [3], to give decision makers:

’…a realistic evaluation of uncertainty since this might actually change the decision that is 
made’

By means of an example, we examine here a tiered approach taken to planning NFM strat-
egies within the headwaters of the Eden, Kent and Derwent catchments in Cumbria, UK 
(Figure 1), that aimed to prioritise where different measures are likely to be most effective. 

Flood Risk Management2
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This was followed by an analysis of uncertainty in the environmental model parameters and 
of the fuzziness in the evidence behind the changes applied to these models to represent 
effects of NFM measures.

We show how the effectiveness of very distributed NFM measures such as tree planting 
and enhanced storage in the headwater catchments can be appraised in a framework simi-
lar to established FRM practice. Advances in high-resolution modelling (here we explic-
itly model runoff on a 2 × 2m resolution grid within a 100-million-cell model [4]), have 
unlocked the potential to model ‘upstream’ at high resolution, and enable us to test the 
aggregated impacts of very small scale measures at the larger scale. This delivers a deeper under-
standing of the effectiveness of potential NFM plans in reducing peak runoff, but requires 
new strategies to consider ‘synchronisation’ issues [5], whereby flooding can be made 
worse by slowing the time of arrival of a flood peak in one tributary such that it interferes 
constructively with that of the receiving watercourse. It also opens up the ability to under-
take continuous modelling through sequences of events, such that the antecedent wetness 
is taken into account.

Since NFM measures could be deployed in very many spatial configurations, it follows we 
should test for synchronisation effects against a wide range of plausible extreme loading 
conditions. The authors demonstrated such an approach in a recent UK government Flood 
Modelling Competition, where their winning entry [6], combined high resolution modelling 
of NFM with advancements in spatial joint probability analysis of extremes [7, 8], whereby 
multiple extreme rainfall scenarios were simulated, with realistic spatial patterns based on 
the long-term records at rainfall gauges around the catchment. The ’average‘ effectiveness of 
NFM across the upper part of the 2,300km2 Eden catchment was then tested against 30 simu-
lated extreme rainfall events selected to span a range of spatial patterns.

Figure 1. Overview of the study area.

Strategies for Testing the Impact of Natural Flood Risk Management Measures
http://dx.doi.org/10.5772/intechopen.68677
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2. A risk management framework for NFM

Figure 2 highlights a pathway through the risk management cycle that attempts to integrate 
core elements needed for modern flood risk management, adapted for NFM with its dis-
tinguishing features of highly distributed interventions and uncertain impacts. This frame-
work was developed and applied in the course of the Cumbrian project for identification of 
the types of NFM opportunities introduced earlier, with whole catchment modelling being 
applied to map potential risk reduction benefits.

This first step was undertaken for the Cumbrian project using rapid overland flow modelling 
approach using a 2 m resolution 2d JFLOW model to identify where modification of features 
in the landscape to slow and store surface water flows might make the most difference. These 
included the use of RAFs at locations of high flow accumulation, tree-planting, and soil struc-
ture improvements. The speed of set-up, very high resolution and rapid run times of JFLOW 
meant we were able to rapidly assess the effectiveness of these very distributed NFM mea-
sures, before sharing with catchment partners.

Our work in Cumbria has involved a wide range of catchment partners including landowners, 
flood management agencies, voluntary groups and farming groups, who used the whole-catch-
ment mapping to refine potential opportunities for NFM deployments and also prioritise areas 
for more detailed modelling. The sub-catchments containing the most promising  opportunities 

Figure 2. The risk management cycle for NFM.
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based on the JFLOW modelling were prioritised for more detailed uncertainty investigation 
using Dynamic TOPMODEL [9, 10] to compute the projected benefits of NFM.

Dynamic TOPMODEL provides a tool to help understand the effects of NFM on the total hydro-
graph, including contributions from overland flow and subsurface flow. The detailed models 
were calibrated against observed data collected during the period November–December 2015, 
in order to capture the flows arising from a sequence of prolonged and intense rainfall events 
associated with Storms Abigail and Barney prior to the most severe storm, Desmond (4–6 
December 2015), which led to extreme rainfall and flooding in Cumbria [11, 12].

An uncertainty framework was used to represent not only the uncertainties in the parameters 
used in the model but also the gaps in the scientific evidence on how different NFM measures 
influence catchment processes (Figure 3). A large number of simulations were undertaken for 
each catchment, and a set of model parameterizations showing ‘acceptable’ performance on 

Figure 3. Stratified sampling of parameter uncertainty and fuzziness in evidence parameter changes to reflect NFM 
interventions. (a) Weight of evidence for effective parameter values (b) Weight of evidence for change in effective 
parameter values to reflect NFM intervention (c) Resulting change to peak flow in hydrograph response as a result of 
NFM (d) Confidence in magnitude of peak flow change based on combined weightings.

Strategies for Testing the Impact of Natural Flood Risk Management Measures
http://dx.doi.org/10.5772/intechopen.68677
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the basis of the evidence, were identified based on a range of measures including the ability 
of the models to reproduce the observed peak flow for Storm Desmond.

The next sections cover the broad steps in this flow chart.

3. Evidence for effectiveness of NFM

This section reviews evidence of the effects of NFM on catchment processes, and how this 
evidence was mapped onto the effective parameters that are used in the different modelling 
strategies adopted in the Cumbrian opportunity mapping project. This section gives a flavour 
of how we gathered evidence of changes to physical processes in the UK and tried to map these 
changes onto already uncertainly modelled processes.

For the JFLOW overland flow modelling, the physical influences considered were:

• Increasing roughness through land cover changes: grasses and mosses to shrubs and trees

• Increasing localised depression storage through construction of RAFs

• Increasing infiltration through improvements in soil structure

For Dynamic TOPMODEL, we consider the above processes and also those influencing sub-
surface flow, for example:

• Reducing surface overland flow velocities through woodland planting.

• Increasing surface storage associated with RAFs using modified surface routing and a max-
imum storage parameter.

• Increasing soil transmissivity through woodland planting.

• Increasing wet canopy evaporation through woodland planting.

The evidence for the above changes linked to tree-planting was considered with respect to 
deciduous woodland, which brings the most habitat and biodiversity benefits in this environ-
ment, and is in line with current activity within NFM schemes across the UK.

3.1. Surface roughness

Considering the roughness of the ground covered by improved pasture, heathland or decidu-
ous woodland, many different elements combine to produce an effective roughness for a whole 
hillslope. Within a deciduous woodland, roughness contributions come from: (1) roughness 
of the litter layer, (2) roots at the ground surface running across the slope, (3) obstructions to 
flow caused by tree stems/understory, (4) paths and tracks, (5) fence lines or walls, and (6) sub-
grid topographic irregularities in slope. All components need to be characterised to provide an 
accurate measurement of the effective roughness of a whole hillslope. Direct measurements of 
the roughness components across a range of surface vegetation conditions at floodplain sites in 
Florida (USA) [13] produced Manning’s n [14] values that ranged from 0.030 to 0.061 for forest 
areas against a range of 0.013–0.050 for other surfaces including  barren land and grasslands. 

Flood Risk Management6
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Chow states that floodplains covered by pasture should be ascribed a roughness value of 0.035, 
while those covered by light brush and weeds 0.050, dense brush 0.070 and dense forest 0.1–0.2 
[14]. Thus in direct comparison with the direct measurements of roughness undertaken in Ref. 
[13], the differences between woody vegetation and pasture-cum-barren land are considerably 
less. Given: (1) the limited number of studies directly measuring hillslope roughness [13], (2) the 
discrepancies between the field-measured and tabulated (or estimated) values, combined with 
(3) the large variability in roughness values measured even within the same vegetation types, a 
large uncertainty should be placed on the range of possible roughness values used in models.

In this study, a comparison is made between with and without woodland, that amounts to a 
maximum increase of 50% in Manning’s roughness, over the broad-scale ‘upland’ roughness 
value of 0.1 used to provide national flood maps in the UK. Thus a maximum of 0.15 was used 
compatible with the engineering tables of Chow, but which requires more research to resolve the under-
lying physical processes contributing to frictional losses.

3.2. Peatland management

Similar issues arise when estimating the effects of peatland management on the effective 
roughness of hillslopes as with the comparisons between the effects of forest versus pasture-
lands. For example, peatland restoration may involve replacing patches of bare peat with 
Sphagnum spp. moss, changing micro-scale roughness, but also adding small obstructions 
within the artificial drains. Holden et al. [15] used 256 bounded overland flow plots (0.5 
m x 6 m) in the Upper Wharfe catchment (UK) and found that the roughness was greater 
when Sphagnum spp. moss rather than bare ground was present, resulting in a reduction of 
overland flow speeds by a factor of 3.3. This equates to an increased roughness of ~0.3, which was 
used in the JFLOW modelling and the reduced wave speed in Dynamic TOPMLODEL, albeit start-
ing from the relatively high generic roughness factor used in the national mapping, of 0.1 and 
increasing it to 0.13. Here we have used the roughness increase only, as the effect of drain 
blockage is not as clear and can be strongly dependent on the orientation of the drains, i.e. 
whether they run across slope or down slope [16].

3.3. Runoff attenuation features (RAFs)

Small ponds to capture and temporarily store overland flow on its way to stream channels 
have been described as ‘overland flow interception RAFs’ or ‘overland flow disconnection 
ponds’, where RAFs are ‘runoff attenuation features’. Temporary storage of the overland flow 
on slopes could delay this component of the flow so that it reaches streams after the peak of the 
hydrograph has passed. However, if overland flow on a particular slope is generated on the 
rising stage of a stream hydrograph [17], delaying it could have the unwanted effect of adding 
the overland flow contribution to the channel at the time of the peak in the streamflow. Clearly 
understanding precisely when the overland flow is being added to stream channels, and doing 
so within a spatial frame of reference, is critical for understanding how it should be managed. 
Only a few direct measurements of overland flow using plot studies are available in the UK 
(e.g. Ref. [18]) to help quantify the timing of this process. The Belford Catchment Solutions 
Project in Northumberland has demonstrated how such features are able to retain and hence 
attenuate the initial phase of overland flow generation. Overland flow interception RAFs have 
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been constructed at many locations in the UK and individually range from 20 to 1000 m3 in 
capacity (see Refs. [19–21]). RAFs added into the simulations for this study are 100–5000 m3 in area 
and so are broadly similar in capacity.

3.4. Wet-canopy evaporation

Deciduous woodlands in the early winter (i.e. November-December) in Western Europe, 
when the overstory is leafless, exhibit only very small rates of transpiration [22]. Potentially, 
these rates may be marginally higher than those for improved grasslands, if the woodland 
is open and accompanied by a leafed understory vegetation of shrubs and/or longer grasses 
[23–26]. This effect is, however, likely to be insignificant when compared with the contrasts in 
wet canopy evaporation (also called ‘interception loss’ or Ewc).

As Reynolds and Henderson [27] noted ‘…although sometimes there is a measurable reduction of 
interception losses in winter due to leaf fall, the effect is commonly surprisingly small…’ Combined 
Ewc and transpiration losses from grasslands in the early winter are likely to be small, for 
example, 5.6% of gross rainfall (100 [16.3/289.5 mm] for months of December 1975–1985 [28]). 
However, in some contrast, the wet canopy evaporation rate for deciduous woodland when 
the overstory is leafless in winter is likely to be within the range 10–20% of the gross rain-
fall for the conditions prevailing in the UK or for similar situations in continental Europe 
(Table 1), but perhaps less (as a percentage) for high magnitude events. The first column of 

% P (by rank) Dominant species Reference UK/Europe

40–50 Hawthorn (hedge) Herbst et al. [82] UK

36 Oak/birch Noifalise [83] Continental Europe

29 Hornbeam Leyton et al. [84] UK

22.5 Oak Vincke et al. [22] Continental Europe

19.8 Oak/birch Herbst et al. [30] UK

15.1 Beech/hornbeam Aussenac [85] Continental Europe

14 Beech Reynolds and Henderson [27] UK

12.1 Mixed White and Carlisle  [86] UK (Cumbria)

12 Oak coppice Thompson [87] UK

11 Oak Dolman [88] Continental Europe

10.5 Hornbeam/oak Schnock [89] Continental Europe

10 Oak/beech Staelens et al. [90] Continental Europe

9.9 Oak Carlisle et al. [91] UK

7 Beech Gerrits [92] Continental Europe

Table 1. A wet canopy evaporation range (over 1–3 months) that also encompasses most of the extremes in observed 
behaviour of leafless vegetation canopies would be 7–50% of gross rainfall through winter storms for deciduous trees, 
although likely to be at the lower for an extreme event so a range of 4–20% was used in the modelling.
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Table 1 was used to define the fuzzy set of wet canopy evaporation rates (top right panel of Figure 3) 
used in the Dynamic TOPMODEL but constrained to the smaller range of 4–20% considering the 
extreme nature of Desmond.

3.5. Antecedent moisture status

The higher rate of wet canopy evaporation during winter leafless periods, combined with 
the higher combined rates of wet canopy evaporation and transpiration from leafed decidu-
ous trees in the proceeding summer and autumn in comparison to grassland [29–31], means 
that UK woodland soils are likely to be drier during the winter. A drier subsurface condition 
will reduce the proportion of rainfall delivering fast streamflow responses thereby reduc-
ing peak flood flows [32, 33]. Finch [34] observed drier soil moisture profiles (by 250 mm) 
beneath sweet chestnut and larch woodland and grasslands in Pang basin (Berkshire, UK) 
through December in 1997. Indeed, the profile did not reach its maximum saturation until 
April 1998. Similarly, Calder et al. [35] show soil moisture deficits through December 2000 
that are drier by 30 mm in the soil (0–0.90 m) beneath oak (Quercus robur L.) of Clipstone 
Forest (Nottinghamshire, UK) than beneath adjacent grassland. A scenario of 80 mm of addi-
tional soil moisture deficit beneath deciduous woodland compared to grassland in the early 
winter is within the 30–250 mm range of the two UK studies noted but is clearly associated 
with a highly uncertain range.

NFM might feasibly give wetter antecedent conditions in a sequence of winter events if the 
increased infiltration effects of tree planting on soil moisture are larger than those of enhanced 
wet canopy evaporation (‘infiltration trade-off hypothesis’). Here we attempted to account for 
this through detailed modelling of several consecutive storms, and although the drier antecedent soil 
moisture was taken into account, the deficit was reduced considerably after the first storm in the series.

3.6. Woodland on slowly permeable, gleyed UK soils

Overland flow on hillslopes may be caused by rainfall intensities (mm/hr) exceeding the satu-
rated hydraulic conductivity (KS; mm/hr) of a topsoil or other surface horizon (equivalent to 
the ‘infiltration capacity’ or ‘coefficient of permeability of the topsoil’). This rapid pathway of 
rainfall towards stream channels is called ‘infiltration-excess overland flow’ [36]. If rainfall is 
reaching the ground at a rate less than the saturated hydraulic conductivity of the topsoil, but 
cannot infiltrate because the topsoil is already saturated as a result of drainage from upslope 
areas, then the rainfall onto these saturated areas will move as overland flow across the sur-
face. This pathway is called ‘saturation overland flow by direct precipitation’ or SOF by direct 
precipitation [37]. If the downslope subsurface flows exceed the ability of the downstream 
soils to discharge them directly into a stream channel, then subsurface water may emerge 
from the topsoil onto the ground surface as ‘return flow’ [38]. This return flow may then 
travel overland towards a stream as so-called ‘saturation overland flow by return flow’ (SOF 
by return flow).

Soil types that typically have a lower saturated hydraulic conductivity have a greater like-
lihood of generating ‘infiltration-excess overland flow’, and were present in downslope 
areas, also a greater likelihood of generating surface flows by ‘saturation overland flow 
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by direct precipitation’ and ‘saturation overland flow by return flow’. The soil type 
called a Gleysol using the international soil classification system [39] or gley within the 
Soil Survey of England and Wales (SSEW) soil classification system [40] typically exhibits 
lower saturated hydraulic conductivity values throughout UK soil profiles [41]. Table 2 
shows an example KS profile for a gley in the Lune Valley, Northwest England (UK). 
These measurements were undertaken in the field with a ring permeameter [42], a tech-
nique demonstrated to give accurate values, even for disturbance-sensitive gley soils 
[43].

Soils in England and Wales that are classified as gley cover a range of soil associations based 
on the SSEW [44]. As a result of their greater likelihood of generating overland flow, these 
gley soils are classified as having an SPRHOST1 value in excess of 50% [45]. Enhancing the 
permeability of such soils could have the greatest impact on reducing overland flow across 
catchments and thereby have the greatest potential to reduce flood peaks in rivers [46]. As a 
result, tree planting to increase soil permeability includes areas with such gley soils.

Consequently, for NFM modelling a key need is to represent the permeability effects of 
planting deciduous trees on gley soils. Very few UK studies are available that quantify the 
difference in soil Ks of gley soils beneath deciduous trees relative to that beneath adjacent 
grasslands [47].

These few studies are summarised in Table 3 and give a range of 1.5–3.5 factor increase in per-
meability for deciduous tree planting on gley soils. The Ks factors in the first column of Table 3 
were then used to provide the fuzzy set of parameter changes in the Dynamic TOPMODEL scenarios.

This observed increase in permeability for gley is smaller than the factor of five difference 
between predominantly deciduous woodland and improved pasture recently observed on 
well drained Eutric Cambisol (SSEW Brown Earth) soils in Scotland by Archer et al. [48, 49]. 
The observed effect on gley is also smaller than the effects observed on other soil types across 
the globe, the majority of which are between 2 and 20, with some outliers much greater than 
this, which is likely to be due to macropores along root channels. In any event, if the rough-
ness of these high runoff areas can be increased through roughening up, then it may be pos-
sible to attenuate quick-flow from these soils until they become saturated by deficit filling.

1Standard percentage runoff based on hydrology of soils types

Depth (m) Mean KS (cm/hr) Range (n = 56)

-0.10 9.1 1.31–30.7

0.10–0.20 21.8 8.98–57.0

0.20–0.50 0.11 0.021–3.02

0.50–1.00 0.002 0.0007–0.21

Table 2. Horizon-specific saturated hydraulic conductivities (cm/hr) of a Humic Gleysol near Farleton, Lancashire (UK) 
after [39, 40].
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Critically, it should be remembered that most of the stream hydrograph during floods com-
prises water that has primarily travelled to the stream via subsurface pathways (effects of 
trees on Ks might not be isotropic–but we have even less information on downslope Ks). 
Even within very flashy, but undisturbed tropical streams, only small proportions of flow 
within the basin have been directly measured as overland flow (e.g. <10% streamflow [50]). 
Therefore, while the overland flow pathways are important given their speed and sediment 
transport aspects, especially during flood events, simulated flow pathways are likely to be 
dominated by subsurface responses (which can also be fast–subsurface celerities in wet soils 
can even exceed overland flow velocities [51]), pathways either close to the surface in soils or 
deeper within the surficial or solid geology [52, 53].

4. Opportunity mapping of NFM

Opportunity maps can be developed from local knowledge, land cover maps, flood modelling 
outputs, or a combination of all three, as described here. In this chapter, opportunities for three 
core types of NFM (tree-planting, RAFs and soil structure improvements) were developed 
from different national strategic maps, and then through consultation at an engagement event. 
Ideally, engagement would be a continuous process of refinement where more local knowl-
edge of the landscape and opportunities are built in through time, and evidence is co-produced 
[54]. The following sections explain how these opportunities were identified and refined.

4.1. Runoff attenuation features

Research on RAFs [55–57] such as storage ponds, bunds, in-stream storage through woody 
debris dams and disconnecting drain flow pathways has shown that these features have the 
potential to reduce flood peaks and increase the time to peak for overland flows and stream-
flows. Applying RAFs within the headwaters of a catchment, therefore, has the potential to 
attenuate sudden short duration storm events and reduce the subsequent flood risk to more 
urbanised areas of the catchment downstream.

Opportunities to deploy RAFs can be identified from areas of high flow accumulation in 
surface water flood maps, and comprise small areas such as natural depressions within the 
landscape, or small in-channel storage as shown in Figure 4. The JRAFF model identifies the 

F/G1 Tree age Soil type2 Location Reference

1.81 2 years 713e-Brickfield-1 Tebay Gill Cumbria Mawdsley, Chappell & Swallow [93]

2.43 10 years 721d-Wilcocks-2 Pontbren Mid-Wales Marshall et al. [94]3

3.40 107 years 713f-Brickfield-2 Lancaster Lancashire Chandler and Chappell [47]

1Factor difference in KS, i.e. KS below deciduous trees/KS below grassland.
2SSEW Soil Association from Soil Survey of England and Wales [44].
3Results of related study of Carroll et al. [81] rejected on basic quality assurance criteria (i.e. absent sampling size per 
land-cover; absent information on frequency distribution, etc.).

Table 3. Ratio of Ks measured for deciduous trees to that grassland growing on gley soils in the UK.
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orange areas of isolated flow accumulation, such as ponds and small channels, which may be 
appropriate to excavate or bund, or disconnect from flow pathways through gully or ditch 
blocking. An additional storage of 1 m in depth at these locations is represented through 
burning the Digital Terrain Model (DTM) deeper by 1 m in the RAF model scenario.

The JRAFF tool places a set of constraints on the size and location of these accumulations:

• Area threshold between 100 and 5000 m2

 ○ This was considered suitable for local land management alterations, and well below the 
threshold of capacity that would fall under the UK Reservoirs Act (10,000 m3).

• CORINE land cover 2012 dataset and a 2 m buffer of OS OpenData buildings and roads 
deemed unsuitable to runoff attenuation features.

 ○ A 2 m buffer of roads results in a 4 m wide exclusion zone. This threshold has been 
derived based on typical road widths and ensures that opportunity features within any 
potential adjacent ditches are retained.

In the application to Cumbrian catchments, the JRAFF model was used to calculate the addi-
tional storage volume if such areas were to be deepened2 by a further 1 m before  summarising 

2Equally representing a bund around an existing flow accumulation area

Figure 4. Runoff Attenuation Features (RAFs) and shrub and approximate woodland planting opportunities in the 
upper Kent (for illustration).
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these volumes within priority sub-catchments defined earlier. Within the Kent catchment 
only, any RAFs identified within peat soils were excluded where hillslopes were greater than 
six degrees. This constraint is based on current peat restoration practices [58]. This process 
identifies a very large number of opportunities which can be incorporated into a model. 
These opportunities represent large scale, long term NFM delivery and provide the evidence 
required to take a strategic approach to optimising the benefits of providing additional dis-
tributes storage within the catchment.

4.2. Identification of tree-planting opportunities

Restoring the riparian zone and planting woodland within the floodplain has been simulated 
to provide the potential for significant flood attenuation (see Refs. [59, 60]). A combination 
of improvements in wet canopy evaporation and transpiration enhanced soil drying and soil 
infiltration together with increases in hydraulic roughness which arise from woodland cre-
ation can lead to reductions in flood peaks together with delaying and spreading of tributary 
hydrographs.

The Woodlands for Water (WfW) opportunity EA dataset was supplied by the Environment 
Agency for this project [61] and it was modified with the local knowledge and through inspect-
ing soil series maps to give potential tree-planting opportunities (Figure 4). The dataset typi-
cally comprises a set of woodland plantings opportunity areas such as riparian zones and 
floodplain areas together with a number of constraints such as urban areas, existing wood-
land and inland water. Whilst the source dataset infers opportunities to plant and enhance 
woodland areas, this scenario rather reflects a more general improvement in planting density 
between scrubland and mature forest as it is understood that conversion to mature woodland 
would not be appropriate across all land covers.

The modified WfW opportunity maps represent large, long-term NFM delivery within each 
catchment. The incorporation of this opportunity into the model provides the evidence 
required to take a strategic approach to optimising the benefits of providing additional ‘natu-
ral roughness’ within the catchment.

4.3. Identification of opportunities for soil structure improvement

This scenario pertains to the fact that many soils have been compacted through more inten-
sive farming practices over a long period of time, and if de-compacted, improved soil struc-
ture has potential to take in and store considerably more of the incident rainfall [62]. This can 
help reduce overland flow and reduce downstream flood risk, although could potentially 
have limited benefits in wet winters.

For the third type of opportunity, soil structure improvement, the JFLOW modelling targeted 
a particular land cover (improved grassland) which was identified as one of the most com-
mon land covers within each catchment based on the Land Cover Map 2007. For these areas, 
the catchment descriptor BFIHOST [45], which influences amount of runoff routed over the 
landscape in the modelling (see below), was increased by 10% resulting in an approximately 
equivalent increase in maximum soil moisture storage and reduction in initial soil moisture 
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storage capacity for these land cover areas across the catchment. Users can then assess the 
improvement relative to that for this type of land cover by scaling up by relative area com-
pared to improved grassland.

This more targeted approach to improving soil permeability avoids overestimating the 
impact of soil improvement by applying an unrealistic blanket improvement across the catch-
ment. Soils can only be improved if they are damaged. Palmer and Smith, 2013 [63] estimated 
that approximately 38% of soils were structurally damaged, the percentage was higher under 
arable and lower under pasture, in a survey in the SW of England.

4.4. Strategic modelling and estimating benefits

The strategic modelling was undertaken using a fast 2d hydrodynamic modelling software 
JFLOW [4], which has been benchmarked against other 2d inundation models against a wide 
range of test cases [64]. The approach illustrated in Figure 5, builds on the blanket rainfall 
approach (e.g. Ref. [65]), which was developed further to include the ReFH losses model [66], 
and used to develop a national SW flood map RoFSW [67]).

The model integrates spatially varying rainfall, with the representation of both rural infiltra-
tions using the ReFH rainfall to overland flow calculated losses (i.e. infiltration) model and 
urban sewer loss rates (a national average of 12 mm/hour was used). Rural ReFH losses are 
controlled by the maximum soil moisture storage capacity (Cmax) which is estimated using 
the catchment descriptors BFIHOST and PROPWET whilst urban losses are based on esti-
mated sewer capacity losses and percentage overland flow.

Figure 5. The rainfall and losses approach to whole catchment modelling.
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The floodplain is represented using a 2 m Digital Terrain Model (DTM) based on a combi-
nation of filtered LiDAR, filled in with coarser scale photogrammetry or SAR data. Sinks 
and dams are removed in order to maximise hydrological flow pathway continuity. Spatially 
varying hydraulic roughness coefficients were adopted throughout, based on land cover and 
the same roughness coefficients adopted in national maps. The baseline scenarios were for the 
10-year and 30-year return periods with a 6-hour storm duration.

Much consideration is given to the placement of virtual monitoring locations around the 
catchment that monitor the hydrographs for different sub-catchments and their modelled 
response to NFM interventions (Figure 6). For urban areas, culverts and ‘cut-throughs’ can be 
added to allow the passage of water downstream more realistically.

The percentage change in the peak runoff response for each sub-catchment was then visual-
ised in a second set of ‘benefit maps’ (Figure 7), for use at the engagement workshops. These 
were colour themed in different ways, with the perimeters shaded to reflect the magnitude 
of the modelled peak runoff reduction and the fill based on the extent of the opportunity. 
Benefits are cumulative, in that every opportunity must be implemented within upstream 
sub-catchments in order to obtain the visualised benefits.

These maps represent the potential benefits of large-scale, long term NFM delivery across a 
catchment. They are most appropriately used in relative mode, allowing the user to identify 
particular sub-catchments which provide greater benefit than other sub-catchments and the 
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Figure 6. Example peak fast-flow reduction based on modelling NFM.

Strategies for Testing the Impact of Natural Flood Risk Management Measures
http://dx.doi.org/10.5772/intechopen.68677

15



helps put appraisal of NFM on a footing with more established methods and identify poten-
tial dis-benefits due to, for example, backwater effects causing upstream flooding.

5. Engagement and refinement

Visualisations such as Figures 4, 7 and 8 have been found useful at engagement events, 
whereby catchment partners can mark the maps and alter the opportunities based on their 
local knowledge, then see the potential benefits based on the broad-scale modelling. Many 
of the identified opportunities will not be feasible due to land ownership and access issues. 
There may already be interventions planned which can also be added to the maps. Following 
the engagement, the models were re-run and the maps and interactive PDFs regenerated for 
the whole catchment.

One key benefit of the engagement approach is the development of a shared understanding of 
flood generation, routing and accumulation within a catchment. The opportunity for planners, 
water company engineers, land managers, FCRM, water quality and biodiversity specialists 
to elicit hydrological understanding from modellers including issues of synchronisation is of 
enormous value. The engagement process also enables the modelling team to appreciate and 
incorporate a more credible set of opportunities and parameters back into the model. This 

Figure 7. Visualisation of potential runoff reduction if all NFM opportunities taken up.
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Figure 8. Downstream risk visualised for the Kent.
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two-way process builds confidence in the model outputs, allowing delivery organisations 
to make appropriate use of the modelling, based on improved understanding, as part of the 
weight of evidence required to develop a more strategic approach to NFM delivery.

In addition to the refinement of the opportunities, and through remodelling the benefits, 
the catchment partners were asked to prioritise sub-catchments for more detailed modelling 
to build confidence and implement NFM. A matrix was developed, based on the following 
criteria:

• Land ownership and access—are opportunities feasible?

• Observations based on local knowledge

• Observations from strategic maps

• Scale of downstream risk

• Existence and location of monitoring

• Catchment size

• Preferences counted in the workshop

The upper and mid-Kent and Gowan sub-catchments were prioritised, and it can be seen in 
Figure 8 that there are different centres of risk and strong reason to supplement any estab-
lished FRM measures with NFM if possible. The catchments were also identified in the 
Cumbria Flood Plan for NFM-type interventions, largely for peat or bog restoration in the 
upper Kent.

5.1. Modelling of NFM with dynamic TOPMODEL

Given limited observational evidence effectiveness of NFM at scales >10 km2, the prioritisation 
of areas to model in more detail and through using Monte-Carlo simulations was considered 
essential to understand more about uncertainty and build on the screening-level modelling 
with JFLOW (despite its high resolution). The detailed modelling was therefore calibrated 
against an observed series of extreme events, Nov-Dec 2015, within three severely-impacted 
catchments up to 223 km2 in the area within Cumbria, UK. The results from one of these catch-
ments, the upper Kent (90 km2) are used in the following sections to illustrate the approach 
that was taken for all three catchments.

Lancaster University has recently developed an extended and flexible implementation of the 
Dynamic TOPMODEL model [9, 10], first implemented in FORTRAN by Beven and Freer 
[9]. It is an extension of the popular TOPMODEL [69] applied in many studies [70]. Dynamic 
TOPMODEL employs the efficient parameterisation scheme of TOPMODEL, but allows 
a more general approach to a grouping of points in a catchment for calculation purposes, 
based on overlays of characteristics rather than simply the map of the topographic index. 
All the model parameters needed to run the model are shown in Table 4, along with typical 
ranges of values applied in this project. Figure 9 provides a perceptual overview of Dynamic 
TOPMODEL.
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It is a semi-distributed hydrological model that utilises areas of similar hydrological behaviour 
called HRUs (Hydrological Response Units). These units may be in the evaluation of NFM 
divided to represent distributed interventions within the landscape. It has sufficient complexity 
to represent the key catchment processes, notably subsurface and overland flow pathways, and 
there is some evidence to link NFM measures to alteration of the parameters (e.g.  transmissivity 

Parameter Description Units Lower Upper

Vof Overland flow velocity m/hr 1 150

m Form of exponential decline in conductivity m 0.0011 0.033

SRZmax Max root zone storage m 0.1 0.3

SRZ0 Initial root zone storage % 20 100

Vchan Channel routing velocity m/hr 500 5000

ln(T0) Lateral saturated transmissivity m2/hr 3 12

Sdmax Max effective deficit of saturated zone m 0.5 0.5

Td Unsaturated zone time delay m/hr 1 10

Table 4. Parameter ranges/typical values within dynamic TOMODEL (after Ref. [10]).

Figure 9. Schematic of dynamic TOPMODEL.
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distribution) representing these processes. Its simple structure allows efficient operation, 
 allowing thousands of model runs to be simulated to investigate uncertainties and sensitivities.

Overland flow velocity is fixed throughout each unit and can be changed to reflect changes in 
surface roughness introduced by, for example, peat restoration or riparian tree-planting. The 
maximum transmissivity at complete saturation T0 [L]2/[T] is a measure of the local maximum 
saturated downslope transmissivity per unit hydraulic gradient (where transmissivity is the 
integral of the permeability to the saturated depth). This is a key parameter in identifying 
the onset of saturation overland flow (SOF). When downslope flows into lower slopes filling 
remaining storage capacity, return flow is produced. SOF is also generated when rain falls 
onto these areas of already saturated ground.

An exponential transmissivity profile is assumed. The use of such a form is supported by 
experimental evidence [71] and reproduces the typically higher values of permeability found 
near the ground surface. The recession parameter m [L] controls the rate of decline of trans-
missivity T as water table reduces. Small values of m lead to very rapid declines in transmis-
sivity, suggesting shallower, faster responding streamflow generation systems. Deeper active 
hydrological systems are represented by a slower decline in transmissivity.

Dynamic TOPMODEL routes subsurface flow downslope between HRUs using a routing 
matrix derived from the local topography. It is assumed that the local slope is a reasonable 
approximation for the hydraulic gradient.

The root zone storage SRZmax must be filled before any water table recharge begins through 
incident rainfall. Transpiration (and soil evaporation) is removed from this zone at a rate pro-
portional to the actual storage. Direct observations of soil moisture content are unavailable for 
the catchments in the periods simulated, so a reasonable initial value was applied (SRZ0 = 95%).

Dynamic TOPMODEL represents an intermediate level of complexity that incorporates the 
key hydrological processes, but without imposing too many assumptions resulting in a large 
number of parameters (related to say soil properties), for which we do not have direct mea-
surements. The model was also selected because of it:

• Makes use of standard data formats for catchment topography (elevations, channel net-
work) and relevant spatial data such as land cover.

• Presents results back to the landscape as well as formats such as streamflow hydrographs 
that are easily understandable by partners.

• Uses real, spatially distributed rainfall data and can be rapidly calibrated against real event 
data (allowing for data quality).

• Incorporates spatial data overlays provided by the Rivers Trust (RT) and catchment part-
ners of NFM interventions, for example, tree-planting, soil restoration and the addition of 
offline storage area (RAFs) and simulate the effect of these changes on streamflow response.

• Simulates a wide range of catchment scales (up to 223 km2 in this study) and hydrological 
regimes such as the extreme flood event arising from Storm Desmond in December 2015.
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• Allows for relatively quick application to future RT study catchments and different con-
figurations of sub-catchments within an existing project.

• Uses a framework that allows assimilation of meteorological and streamflow data supplied 
in standard formats, such as those collected by the Environment Agency.

• Allows for free distribution of the source or compiled the code and, with suitable guidance 
and training, be operated by RT staff and catchment partners.

In conjunction with a hydraulic-routing scheme, also developed at Lancaster University, 
Dynamic TOPMODEL has been applied to the 28 km2 Brompton, North Yorkshire, catchment 
in order to simulate the impact of up to 60 in-channel NFM interventions [5]. The model is 
written in the open source R language, distributed under the GNU Lesser Public Licence (GNU 
LGPL v2.1) and can be run on most common operating systems. The R implementation has 
been released as a package on the CRAN archive [72], passing the rigorous quality assurance 
and testing required by the submission process.

5.1.1. Representing NFM opportunities within HRUs for Dynamic TOPMODEL

A set of HRUs were developed based on local hydrological characteristics, the most impor-
tant of which is the topographic wetness index (TWI). These were then split further so that 
individual NFM measures could be represented in the landscape. For example, the HRU rep-
resenting the saturated area adjacent to the watercourse in the upper catchment becomes 
split into two, one where there is no change to the landscape and another where there is tree 
planting.

• HRU1–high SPR areas—mimicking tree planting effects.

 ○ Modification of T0 (1.5–2.5 multiplicative factor of the un-logged value).

 ○ Decreased SOF velocity (reduced by 0.5 and 0.75–equivalent to a change in roughness 
for JFLOW).

 ○ Wet-canopy evaporation increases implemented as a loss to the gross rainfall input (us-
ing a similar strategy to Ref. [73]).

 ○ Modification of the initial root zone storage to mimic drier antecedent soil moisture con-
ditions as a result of additional soil drying by enhanced wet-copy evaporation.

• HRU2–RAF features

 ○ Increased storage by introduction of RAFs is based upon modified JFLOW RAF oppor-
tunity maps

 ○ Implemented by a modification to the root zone storage to 1 m, making use of the exist-
ing store represented in the model

 ○ RAFs are ’leaky’, draining at a rate qdrain [L]/[T] proportional to their specific storage S [L]: 
qdrain = S/T, where the constant of proportionality T [T] is the residence time
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 ○ Assume all RAFs drain with the same time constant and ‘piped’ directly to a watercourse.

 ○ Implemented as the sensitivity of three pipe sizes to see differences in ‘effective’ size 
based on peak reduction.

• HRU3–Peat

 ○ Decreased SOF velocity (reduced by between 0.65 and 0.8–equivalent to a change in 
roughness implemented for JFLOW).

6. Uncertainty framework

The scale of the flooding caused by Storm Desmond is in part dependent on the catchment 
wetting from the storm events that occurred over the preceding weeks. In consequence, a 
6-week period of rainfall and streamflow was selected in Nov-Dec 2015 (Figures 4–6) for the 
modelling, that included Storms Abigail (12–13th November), Barney (17–18th November), 
Clodagh (29th November) and Desmond (5–6th December). The first and last of these events 
had the highest impact on the streamflow. Clodagh was primarily a ‘wind’ storm and in 
Cumbria did not produce significant streamflow [11]. In November a south-westerly airflow 
described as an ‘atmospheric river’ became established bringing persistent warm moisture-
laden air from subtropical regions resulting in persistent heavy rainfall. A 3-day total of 
138 mm was recorded at the Shap automatic weather station in mid-November [11], compared 
to the total of 145–180 mm recorded at rain gauges around the Kent catchment in September 
and October. Two gauges lying within the Derwent catchment recorded new UK record rain-
fall totals: at Honister Pass, 341 mm fell within 24 h and 405 mm within 48 h at Thirlmere [11]. 
Dynamic TOPMODEL requires as input a time series of potential (or actual) evapotranspira-
tion. We used the Calder et al. [74] approximation of a diurnal sinusoidal variation in poten-
tial evapotranspiration.

5000 Monte-Carlo simulations were undertaken before applying an acceptability crite-
rion which sorts behavioural simulations, from those that are not. Within the Generalised 
Likelihood Uncertainty Estimation framework (GLUE [75–78]), the degree of acceptance of 
any simulation is weighted (or scored) quantitatively and is associated with the simulation 
during the entire analysis. Any simulations which are deemed physically unacceptable play 
no further part in the analysis and do not form part of the results.

The acceptance criteria were based on an overall performance measure over the whole mod-
elled period (the Nash-Sutcliffe Efficiency statistic, NSE), the accuracy of the model prediction 
for the peak flow Qmax during Storm Desmond, and the maximum percentage of the catchment 
areas generating overland flow (by saturation through either of the processes described), 
SOFamax. Figure 10 illustrates the spread in model uncertainties through the calibration time 
series based on the resulting ‘acceptable’ parameter combinations.

Given the range of acceptable model predictions for each storm the problem arises of com-
paring the NFM interventions for all acceptable models. To compare the respective hydro-
graphs contemporaneously is likely to be misleading, since each series’ maxima may occur 
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at different absolute times due, for example, to the retardation of the flood peak by the NFM 
measures. The distribution of flows for a window of time-steps around the peak has therefore 
been generated so that the shift in the distribution can be compared. This is illustrated in 
Figure 11.

Figure 10. Translating uncertainty to model predictions (GLUE).
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7. Results and discussion: comparison of models

We present here mainly the results for the Kent catchment, where the acceptance criteria dis-
cussed above were: NSE > 0.85; 6.9 < Qmax < 10.2; 0.1< SOFamax <0.95, where Qmax is the peak 
flow per unit area for storm Desmond and SOFamax was the very fuzzy range of acceptable 
fractional catchment areas producing SOF. This lead to 348 ‘acceptable’ parameterisations, 
giving a range of predictions shown in Figure 12, for the RAF measures, designed to have a 
1, 10 and 100 h retention time.

Figure 11. The change to predicted flow frequency distributions.
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Figure 12. Range of predictions using acceptable combinations plus RAFs with a 1, 10 and 100 h retention time.
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Figure 13 shows the range of potential changes to the storm profile when we apply two differ-
ent levels of confidence (1 and 5, with 5 the least confident) in the evidence for the effect that 
tree-planting has on the different catchment processes.

It easier to consider the range of predicted peak flow reductions for each storm as a function 
of the confidence we place in the evidence (Figure 14) than by plotting the five different levels 
of confidence.

We can also make use of the generic approach from Figure 11, and plot the matrix of changes 
to the predicted peak flow distributions for a window around each named storm as a function 
of confidence (rows) in Figure 15, with a statistical significance of the changes highlighted in 

Figure 13. Effect of tree-planting opportunities with two levels of confidence in parameter changes.
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Figure 14. Confidence as a function of the percentage reduction for 3 of the named storms for tree-planting and 
roughening up.

Figure 15. Matrix of shifts to the distribution of flows predicted around peaks for 3 storms (columns) for three confidence 
levels (rows).
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Table 5. The WfW scenarios 1–5 were simulated, where there is more confidence in the evi-
dence for scenario 1, and scenario 5 is the least confident. All the changes are more significant 
for storm Desmond, and the changes due to the RAF measures are generally more significant 
than the WfW.

Using Dynamic TOPMODEL, we have modelled drain-down of RAFs successfully with dif-
ferent time constants, and shown that for the Kent, RAFs designed with an intermediate resi-
dence time of around 10 h would be more effective for a series of flood events such as those in 
the period November through December 2015. The percentage reductions in peak flows are 
similar to the 2–5% peak runoff reduction predicted by JFLOW (30 year event) for the upper 
Kent for most of the period of modelling, apart from storm Desmond where Figure 12 shows 
less reduction, potentially because the RAFs have not emptied.

It is less straightforward to compare the results for tree-planting between the modelling 
approaches, but for the Upper Kent, JFLOW predicts peak streamflow (without baseflow) 
reductions up to 30–40% for a 1 in 30 year design event (Figure 7), and based on Figure 14, 
the maximum reduction in total flow was half this, of the order 17% for storm Barney, but 
for simulations with the least confidence. However, these changes stem from very differ-
ent physical processes, and further modelling has shown that although the perturbations 
applied to the wet canopy evaporation have the predominant impact, the combined effect was 
greater than the sum of the individual changes for evaporation, velocities and transmissivity.

The potential impact of large-scale NFM delivery on peak flow during extreme events such 
as storm Desmond is an important result. The evaluation of uncertainty enables us to use 
this finding appropriately and with greater confidence. The modelling allows us to see both 
the long-term potential of NFM and, critically, the model parameters and processes to which 
this prediction is most sensitive. These findings not only improve our understanding of the 
benefits of NFM but also guide future monitoring strategies that will be required to refine 
the modelling and adaptively manage NFM, and therefore flood risk, within a catchment. A 
consistent theme within the engagement was that it would be unlikely that advantage could 
be taken of every single potential opportunity, and so the results can seem overly optimistic 
but could be used in a relative sense.

Abigail Barney Desmond

∆qmax    ̄  Δq  K-S ∆qmax    ̄  Δq  K-S ∆qmax    ̄  Δq  K-S

WfW1 20.5 3.1 0.027 11.5 3.3 0.025 4.9 1.7 0.019

WfW5 30.9 9.6 0.139 26.9 12.9 0.124 14.2 7.9 0.076

RAF1 25.3 2.3 0.006 15.3 2.1 0.01 5.8 1.2 0.005

RAF10 28.6 7 0.067 22.5 13.7 0.118 4.5 0.1 0.055

RAF100 22.9 0.9 0.014 14.1 0.4 0.006 4.5 0.1 0.005

∆qmax = maximum relative reduction in peak (%);    ̄  Δq   = mean relative reduction in peak (%); K-S = Kolmogorov-Smirnov 
Statistic. The suffix to RAF corresponds to a retention time of 1, 10 and 100 h.

Table 5. Statistics for WfW and RAF interventions for each of the named storms in the simulation period.
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less reduction, potentially because the RAFs have not emptied.

It is less straightforward to compare the results for tree-planting between the modelling 
approaches, but for the Upper Kent, JFLOW predicts peak streamflow (without baseflow) 
reductions up to 30–40% for a 1 in 30 year design event (Figure 7), and based on Figure 14, 
the maximum reduction in total flow was half this, of the order 17% for storm Barney, but 
for simulations with the least confidence. However, these changes stem from very differ-
ent physical processes, and further modelling has shown that although the perturbations 
applied to the wet canopy evaporation have the predominant impact, the combined effect was 
greater than the sum of the individual changes for evaporation, velocities and transmissivity.

The potential impact of large-scale NFM delivery on peak flow during extreme events such 
as storm Desmond is an important result. The evaluation of uncertainty enables us to use 
this finding appropriately and with greater confidence. The modelling allows us to see both 
the long-term potential of NFM and, critically, the model parameters and processes to which 
this prediction is most sensitive. These findings not only improve our understanding of the 
benefits of NFM but also guide future monitoring strategies that will be required to refine 
the modelling and adaptively manage NFM, and therefore flood risk, within a catchment. A 
consistent theme within the engagement was that it would be unlikely that advantage could 
be taken of every single potential opportunity, and so the results can seem overly optimistic 
but could be used in a relative sense.

Abigail Barney Desmond

∆qmax    ̄  Δq  K-S ∆qmax    ̄  Δq  K-S ∆qmax    ̄  Δq  K-S

WfW1 20.5 3.1 0.027 11.5 3.3 0.025 4.9 1.7 0.019

WfW5 30.9 9.6 0.139 26.9 12.9 0.124 14.2 7.9 0.076

RAF1 25.3 2.3 0.006 15.3 2.1 0.01 5.8 1.2 0.005

RAF10 28.6 7 0.067 22.5 13.7 0.118 4.5 0.1 0.055

RAF100 22.9 0.9 0.014 14.1 0.4 0.006 4.5 0.1 0.005

∆qmax = maximum relative reduction in peak (%);    ̄  Δq   = mean relative reduction in peak (%); K-S = Kolmogorov-Smirnov 
Statistic. The suffix to RAF corresponds to a retention time of 1, 10 and 100 h.

Table 5. Statistics for WfW and RAF interventions for each of the named storms in the simulation period.
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Figure 16. Spatial rainfall fields for plausible events.
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7.1. Testing resilience

These types of analyses provide us with more confidence in the predicted response of the 
upper Kent to large-scale interventions of tree-planting and RAFs, yet we have not fully tested 
the long-term robustness nor the resilience in the face of different weather extremes. It would, 
in fact, be useful to test for a number of performance issues in order to gain greater confidence 
in the approach. These issues include:

Figure 17. Average behaviour across 30 events with and without NFM.
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• Synchronisation.

• Effect of sequences of events on antecedent conditions.

• Backwater effects.

• Sedimentation.

• Culvert or bridge blockage due to increased debris from tree-planting.

These can be examined and tested through modelling of extreme events with different spatial 
rainfall fields (especially for larger catchments) as performed for the Defra competition [6], for 
the Eden as shown in Figure 16.

Here the average beneficial effect of NFM across 30 extremes, but plausible, rainfall events 
was generated (Figure 17) in order to test for robustness in using such distributed events in 
the larger Eden catchment in Cumbria.

Ideally, the additional modes of failure of NFM should also be tested for through probabilistic 
modelling, as currently undertaken for established FRM in the UK. A systems-based approach 
could be applied [79] as discussed in relation to wider processes from synchronisation of 
flood peaks, backwater effects, sedimentation effects whereby RAFs fill in through time, and 
blockage of downstream features such as culverts near urban areas due to an increase in 
woody material in the longer term, although it is also important to re-think the implications of 
performance failure for very distributed small-scale measures, compared to established flood 
risk management approaches [80].

8. Conclusions

We have demonstrated a generic flood risk management framework that caters for the dis-
tinct differences between NFM and established approaches such as engineered downstream 
flood defences. NFM measures are characteristically small-scale and may need to be widely 
distributed to be effective at larger scales, and can influence a range of catchment processes. 
This combination means that modelling their effectiveness will be inherently uncertain, but 
we have demonstrated a framework that is tolerant of this uncertainty and the fuzziness in the 
evidence for how model ‘effective’ parameters can be plausibly changed to reflect their effect.

The tiered approach involves strategic modelling, mapping of opportunities and benefits, con-
sultation and then prioritisation of areas for more detailed modelling and eventual implemen-
tation. The engagement phase is essential and ideally should be more of a continuous process 
through time with details of the model landscapes (topography, distributed roughness, stor-
age, tree-cover, land-use), being revisited regularly. This is not new, but this chapter has hope-
fully shown how it can be achieved practically in the reasonable timescale of just 6 months.

However, differences in the model predictions from the different modelling approaches 
require careful interpretation and are only part of the picture set in the context of uncertain-
ties on long-term ownership, maintenance and liabilities for NFM measures. The strategic 
overland flow process modelling is bound to lead to some different catchment responses than 
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for a complete hydrological model, yet both shed light on different risk management issues. 
For example, the surface water modelling approach is useful for identifying key flow path-
ways and accumulations where partial blockage or storage can make a greater difference, 
but Dynamic TOPMODEL tells us more about the whole hydrograph and can integrate with 
more of the processes that tree planting is thought to influence. The two modelling strategies 
have helped to increase our knowledge of how and where in each catchment NFM measures 
can be more effective to reduce flood risk at large catchment scales. The models help shed 
more light on the complexities of parameterising change in model parameters, particularly at 
large catchment scales and for a range of flood events.

The potential for large-scale NFM delivery to provide significant flood risk benefits, even in 
extreme events, is based on a translation of the limited available evidence on the impacts of 
NFM between the ‘real world’ and the ‘modelled world’, using an uncertainty framework. 
If we believe that the model is a reasonable physical simulator of the whole catchment, then 
the potential benefits of following the risk management framework demonstrated are to help 
express model outputs in a language which highlights uncertainties and makes them more 
central to decision-making.

The models have helped to quantify by how much working with natural processes can 
improve flood regulation, depending on a fuzzy evidence base. The associated benefits can 
then be appraised alongside others, including carbon storage or reductions in diffuse pol-
lution, sediment transport and improved community resilience through working together. 
However, we must stress the need for more information on the way in which model param-
eters might change as a result of land management changes as the information currently avail-
able is limited, in particular in respect of the type of flood event conditions relevant to NFM.
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Abstract

Floods are part of the natural and cultural life in the Amazon. However, the issues and 
management of fluvial-disaster risks are poorly studied. Among the reasons for the lack 
of studies, the Amazon region has several gaps in information ranging from inadequate 
regional maps to spatially unsystematic local data. Flood patterns differ in urban and 
rural areas. Severe large-scale flooding took place during the previous and the current 
decades, such as those that occurred in 2009 and 2012. Between 1991 and 2010, official 
recorded data indicate about 3,292,888 people were affected in 6 regional states of the 
Amazon (Acre, Amapá, Amazonas, Pará, Rondônia, and Roraima) considering 7 differ-
ent hazards. Because of the extensive damages, the national government started a map-
ping program for cities in Brazil that have a history of facing significant flood risks. The 
aim of this chapter is to analyse the flood-risk mapping conditions in the Amazon.

Keywords: Amazon region, disaster risk, flood hazard, vulnerability, risk mapping, risk 
management, urban planning

1. Introduction

Brazil recorded 4691 flood events between 1991 and 2012, which represent 12% of all natural 
hazards in the country. In the Amazon, floods affected around 2379 people [1]. However, riv-
ers are a fundamental component of Amazon life. Many highly populated cities are located 
along the major rivers and floodplains on the Amazon and Tocantins river basins, which 
together house over five billion inhabitants [2] (Figure 1).

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Risk is a function of the probability that a particular hazard (such as flooding) might take place 
and the vulnerability of a particular location to being negatively affected by that hazard [3]. 
The likelihood of floods generating damage when river water overflows a river bank is a risk. 
Impacts are the generally negative effects of a hazard taking place in a given locale. Impacts 
vary from immaterial to material losses across cities such as individuals and families losing 
their homes and other dwellings, or losing access to such dwellings.

Included among material damages in urban areas are the destruction of public and private 
infrastructures, disruption of normal traffic flow, and reduction of accessibility to various 
locations and city spaces [4]. In rural areas, impacts include disruption of agricultural produc-
tion, depopulation because of migration to the cities, and inflation of food prices at the local 
markets due to damage or destruction of crops near the floodplains. Small farming communi-
ties are particularly susceptible to extreme flood events because of the lack of adequate infra-
structure for transporting people and their goods to industrial and commercial centers, the 
lack of information about extreme weather events at the community level, and the lack of suf-
ficient economic resources to endure the effects of prolonged environmental catastrophes [5].

Since 2012, mapping flood risks has been one of the objectives of the National Program for 
Risk Management and Response to Disasters. Program priorities include investments in pre-
venting, providing alerts for, monitoring, and responding to natural hazards. The program 
goal is to reduce the negative impacts of natural calamities on populations that live in risk-
prone areas and guarantee the safety of communities from these calamities [6].

Therefore, response actions need precise physical aspects. Flood-hazard background infor-
mation prioritizes the measures of frequency and magnitude of severe flooding, as well as the 

Figure 1. Study area showing the hydrographic networks and the pattern of the cities located nearby important rivers 
in the northern Amazon region.
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hydrodynamic and climatic scenarios [7, 8]. Response actions focus on the use of geoscience 
data and on structural engineering measures [9].

Another way to reduce risk is investments in prevention. Examples are the expansion of 
monitoring and warning systems, systematic mapping of high-risk areas [6], and prepara-
tion of vulnerability assessments. Vulnerability depends on the scale, time, and space units 
of analyses such as individuals, households, regional areas, and system-wide conditions [10]. 
Vulnerability definitions vary according to research approach and methodologies.

The International Strategy for Disaster Reduction (UN-ISDR) defines vulnerability as the com-
bination of physical, social, economic, and environmental factors or processes that increase 
the susceptibility of a community to the impact of hazards [11]. The use of indicators is a com-
mon approach for vulnerability measurement [12, 13]. At a national scale, the social aspect 
of vulnerability displays higher levels of negative indicators for the Amazon region when 
compared to cities in the south-western region of Brazil [14].

2. Flood hazards in the Amazon region

Floods occur in the Amazon and Tocantins river basins in the northern region of Brazil. The 
Amazon river basin has flood water levels variability between 2 and 18 m [15]. The Amazon 
river receives the discharge of other big rivers (e.g., Negro and Tapajós), and floods occur 
periodically depending on the seasonal rainfall for each river. Floods usually occur in June 
for the Amazonas, Branco, and Negro rivers. At the Macapá station, tidal influences mean that 
river seasonality is barely noticeable throughout the year (Figure 2).

The historical data series varies according to the station. The water-level data from stream 
gauging stations cover 112 years at Manaus (1902–2014); 48 years at Boa Vista (1967–2015), 
Barcelos (1967–2015), Rio Branco (1967–2015), and Madeira (1967–2015); 39 years at Macapá 
(1976–2015) and São Felix (1977–2016); and 20 years at Baião (1971–1991). Some of the stations 
have been deactivated [16].

On many southern rivers and tributaries, water levels remain high during the first semester. 
Highest river stages occur during February and March, and there are more incidences of 
floods during this period (Figure 3). Flooding in the Tocantins river basin is limited to its 
eastern area with the Tocantins river being the main tributary that reaches a 10-m water level.

In 2009, the Amazon river basin experienced extreme flooding. At the Manaus station of the 
Negro river, the water level reached 29.75 m, the highest mark in 107 years since stage data 
became available [8]. At the reference point of the Obidos gauge station, the river reached 8.42 m. 
For the Tapajós river (Santarém station), the highest water-level mark was 8.31 m [4].

A complex combination of factors contributed to these recent extreme-hazard events; namely, 
large- and regional-scale climatic events, unusual flood mechanisms that produced complex 
interactions in time and space between the main system and its tributaries [7, 8], and recent 
urban growth without adequate planning. Long-term climate models show extreme precipi-
tation events over the Amazon region [17].
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Landsat and shuttle radar topography mission (SRTM) data were used to define aspects of 
the morphologies of the fluvial systems in the Amazon and to construct the corresponding 
hydrodynamic models for these systems [18, 19]. Nevertheless, detailed geomorphologic 
maps that are fundamental to refining the fluvial models were not available [20]. For down-
scaling analysis, susceptibility maps for floods at 1:50,000 scale became available for some 
municipalities since 2013 [21]. The analysis covers 23 urban municipalities covering respec-
tive areas that have high, moderate, and low susceptibility to flooding. The methodological 
approach includes hypsometric, declivity, geomorphological, and drainage analyses [22–24]. 
Currently available status-of-susceptibility flood maps include 18 municipalities from Pará, 2 
from Amapá, and 1 each from Acre, Rondônia, and Roraima.

The National Water Agency produced a flood-hazard atlas considering the frequency of floods 
and the impacts probability associated with each part of the river. The flood frequency cor-
responds to 5, 10, or more years of recurrence intervals, and the impact was measured accord-
ing to the damage extension. The results aggregate the flood severity assessment according to 
international terminologies [25].

Figure 2. Historical river-level fluctuations (in cm) for the Amazon, Negro, and Branco rivers and their northern tributaries.
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In total, 68 different rivers were integrated in the analysis and 4756 km of river extension is 
considered with high impacts and frequencies to flooding (Table 1). The percentage for river 
high-hazard stretches are 27% for Acre, 30% for Amapá, 16% for Amazonas, 10% for Pará, 37% 

Figure 3. Historical river-level fluctuations (in cm) for the Acre, Madeira, Tocantins, and Xingu rivers.

State/flood-hazard stretch 
(km)

Low Medium High

Acre 3014 1241 1599

Amapá 7 819 362

Amazonas 690 7037 1555

Pará 1034 6304 813

Roraima 38 120 96

Rondônia 98 625 331

Total 4881 16146 4756

Table 1. Flood hazard stretches for rivers in the Amazon region grouped according to state.
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for Roraima, and 31% for Rondônia. The map is at national scale displaying areas with low, 
medium, and high impact frequencies [26] (Figure 4).

3. Vulnerability in the Amazon

Vulnerability is multidimensional and refers to social, economic, environmental, and physical 
categories [11]. Socio-economic vulnerability often describes the characteristics of people or 
groups of peoples [27]. Environmental vulnerability refers to natural-resources depletion 
and degradation [28]. Physical vulnerability refers to the susceptibility of particular loca-
tions to particular hazards and therefore represents the civilian infrastructure of a given 
place.

To deal with diverse research frameworks, the index of methodologies links natural-hazard 
risks and vulnerabilities. This means that when an extreme event leads to impacts, the latter 
is determined by the hazards aspect and by the respective vulnerabilities of communities, 
societal groups, or civilian infrastructures to such impacts [29].

Quantifying social vulnerability using various indicators can help identify which places are 
most vulnerable and which dimensions of social vulnerability are most relevant and therefore 
constitute the key drivers for change [30]. The Amazon region has 41% of its municipalities 
that are considered to have high social vulnerability. The analysis considered urban infra-
structure, human capital, incomes, and work status as indicators [31]. This high percentage 
signifies a very low to medium-low Human Development Index (HDI) rating for rural and 
urban areas in the Amazon [32].

Figure 4. Flood map with parts of the river more susceptible to floods and impacts based on ANA data.
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For a specific natural-hazard assessment, the Amazon region also has a very high social-vul-
nerability index. The indicators were (among others) gender, race and ethnicity, employment 
loss, social dependency, and migration rate [14]. Vulnerability to floods in rural communities is 
determined based on residency patterns, access to fishing and planting grounds, access to trans-
portation and markets, water quantity and quality, and the prevalence of infectious diseases [33].

In large cities in the Amazon estuary, vulnerability was measured considering indicators of 
exposure (places and people located at hazardous areas), socio-economic situation, and condi-
tion of civilian infrastructure in terms of the availability and quality of sanitation services and 
housing structures (Figure 5). In these urban spaces, around 37,000 people live under very 
high-vulnerability conditions and 988,000 people live under high-vulnerability conditions [34].

Previous studies compiled for several locations along the Amazon coast in Pará state uti-
lized vulnerability indices in addition to spatial information on floods and storm surges 
related to climate change and structural vulnerabilities [35]. Downscaling studies in vulner-
ability use methodological approaches based on the social-vulnerability index and an index 
on responses to hazards [36], on a methodological approach for community participation in 
flood mapping [4], and on a hazard-response identification scheme for urban planning for 
natural disasters issues [37].

Figure 5. The first and second photos showing Manaus (Amazonas state) infrastructure livelihood patterns and structural 
measures for accessibility in the central areas during the 2012 flood (photos in clockwise direction: CPRM, 2012). Santarem 
city (Pará state) during the 2012 flood showing wooden bridges and a view taken from the dike in front of the city during 
the 2009 flood (photos in clockwise direction: Milena Andrade 2012, Santarém Civil Defense 2009).
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An effective vulnerability reduction plan should include adaptive capacity assessments. The 
human capacity to prepare for, respond to, and recover from natural disasters highlights local 
characteristics and situations [12, 38]. The structural and nonstructural measures for coping 
with hazards result from adaptive capacity. Pilot local-scale studies in the Amazon take into 
account qualitative variables and the influence of community participation in vulnerability 
assessments. These studies identify local knowledge as fundamentally important in coping 
and adaptation strategies and vulnerability reduction [4, 39].

4. Sectors of risk in the Amazon

The Geological Service of Brazil (CPRM) is responsible for mapping flood hazard-risk areas 
following the prevention criteria in the National Plan for Management and Response for 
Natural Hazards. The selection criteria for mapping emergency areas included the numbers 
of fatal victims and affected people, decreed state or level of emergency and calamity, and the 
official assistance requests from municipalities [40]. Between 2012 and 2016, CPRM mapped 
1206 municipalities all over Brazil, of which 140 are located in the Amazon region.

Considering Pará, Amazonas, Acre, Rondônia, and Roraima states, around 180,000 people live 
within 418 risk sectors inside 99 municipalities with either high or very high risk of flooding [6] 
(Figures 6 and 7).

To delineate the risk sectors, the methodology included previous classifications was proposed 
in Refs. [41–43]. Some adaptations were necessary for the risk sectors in the Amazon region that 
considered the following situations: a riverine community’s location within a large floodplain, 
local water-level historical observations in existing infrastructures, lack of drainage and sanita-
tion systems, household infrastructure fragility to flood effects (for wooden or brick houses), 
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and measures of material and immaterial losses [6]. Very high-risk and high-risk areas were 
prioritized in the sector-mapping program because of the immediate need to prevent fatalities 
in these areas during hazard emergencies (Figure 8).

A very high-risk designation corresponds to a drainage with a high frequency (at least 
three events in the last 5 years) of flooding and a very high-damage probability because 
of the presence of vulnerable structures. High risk corresponds to a drainage with a mod-
erate frequency (at least one event in the last 5 years) of flooding and a high-damage 
probability because of the presence of vulnerable household structures. Moderate risk 
corresponds to a moderate frequency (at least one event in the last 5 years) and low sus-
ceptibilities of structures to flood damage. Low risk corresponds to the absence of flood 

Figure 7. Sectors of risk in Epitaciolândia (Acre state) during the 2015 flood and Marabá City (Pará state) during the 2011 
flood (photos in clockwise direction: Epitaciolândia and Marabá Civil Defense, respectively).

Figure 8. Map of municipalities in very high-risk and high-risk areas that are prone to flooding, according to CPRM data.
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events in the last 5 years and the absence or presence of structures with low susceptibility 
to flood damage [43].

5. Conclusions

This study presented the developments in flood-risk mapping in the Amazon region. Flood-
risk mapping projects are mostly by the national program for disaster reduction and counts 
on the support of national institutions. The effort to reach a nationwide methodology is a 
challenge due to the regional differences in Brazil.

Background information on flood hazards rely on fluvial water-level data taken along the 
river basins, on delineation of flood hazard-prone areas presented on 1:1,000,000-scale 
maps, and on semi-detail (1:50,000 scale) flood susceptibility maps for specific locations. 
These maps are the starting point for identifying critical areas for detailed hydrologic mod-
eling. Extreme weather events have the potential to cause worse impacts on these high 
flood-risk areas.

The vulnerability studies in the Amazon region show some initial advances in under-
standing the effects of the various types of vulnerabilities on the impact of flood hazards. 
National hazard-risk studies provide the bases for national indicators. Therefore, some 
adaptations would be valuable for understanding the complex effects of vulnerabilities 
in the country. Some specific conditions in the Amazon should be taken into account. 
Infrastructure vulnerability is the main type of vulnerability that is most relevant in map-
ping flood-hazard risks.

Flood-risk mapping is a fundamental part of disaster-risk management. It is crucial in informa-
tion-based decision-making and in providing guidance for defining priorities for risk reduction. 
In urban areas, the anthropogenic factors that influence or intensify flooding are considered 
for the minimization or elimination of risk sectors. Demographic and land-use changes have a 
direct impact on the intensity of floods. All sector risk maps generated by the CPRM have been 
made available for the civil defense activities of the municipalities, alert centers, ministers, 
and institutions associated with the National Program for Risk Management and Response 
to Disasters. This policy is a driver for transformative change that should continue over time.
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Abstract

Floods are one of the most costly natural disasters in the world and represent a common 
hazard in Puerto Rico. Some floods develop slowly, sometimes over a period of a day 
or more. But flash floods can develop quickly, sometimes in just a few minutes. Puerto 
Rico, as well as other islands in the Caribbean, is subjected to flooding due to geographi-
cal location, topography, population distribution, and sudden rainfall events. The use of 
new technologies, such as apps and radars with higher spatial resolution that can cover 
areas missed by the NEXRAD radar, is important for flood forecasting efforts and for 
studying and predicting atmospheric phenomena. Recently, researchers in Puerto Rico 
initiated investigations using new technologies with high temporal and spatial resolu-
tion radars and systems that are able to monitor sudden floods in populated areas. These 
technologies will be used for hydrologic analyses and, specifically, for rainfall forecasting 
in Puerto Rico. A number of observational studies have shown that individual convective 
cells have mean lifetimes of about 20 min, with the best performance associated with a 
lead time of 10 min.

Keywords: floods, Caribbean, Puerto Rico western area, forecast, parameters

1. Introduction

Portions of western Puerto Rico are subject to flash flooding due to sudden, extreme rainfall 
events, some of which fail to be detected by NEXRAD radar located approximately 120 km 
away in the town of Cayey, Puerto Rico, and partially obstructed by topographic features. The 
use of new radars with higher spatial resolution and covering areas missed by the NEXRAD 
radar is important for flood forecasting efforts and for studying and predicting atmospheric 
phenomena.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



The use of a radar network in Puerto Rico western area will monitor the lower atmosphere 
where the principal atmospheric phenomena occur. This work represents the first time that 
TropiNet radar technology will be used for hydrologic analyses and specifically for rainfall 
forecasting in western Puerto Rico.

Short-term rainfall forecasts have commonly been made using quantitative precipitation fore-
cast (QPF). The introduction of quantitative precipitation forecasting (QPF) in flood warning 
systems has been recognized to play a fundamental role. QPF is not an easy task, with rainfall 
being one of the most difficult elements of the hydrological cycle to forecast [1], and great uncer-
tainties still affect the performances of stochastic and deterministic rainfall prediction models [2].

Currently, this capability does not exist in western Puerto Rico, and it is needed because of 
the potential for flooding in certain areas (e.g., in flood plains near the principal rivers of 
the region). In this research, short-term rainfall forecast analysis is performed using nonlin-
ear stochastic methods. Once obtained, the rainfall forecast is introduced into a hydrologic/
inundation model Vflo and into the Inundation Animator configured for the Mayagüez Bay 
Drainage Basin (MBDB).

Specific components of the research are: the inclusion of calibration and validation of rainfall 
estimates produced by the TropiNet radar network and the development and validation of 
the stochastic rainfall prediction methodology.

2. Stochastic modeling and short-term rainfall forecasting

There are many approaches that can be used to predict the future direction and magnitude of 
a physical process, such as rainfall. Forecasting is a large and varied field having two predomi-
nant branches: qualitative forecasting and quantitative forecasting [3]. Quantitative forecast-
ing should satisfy two conditions, the accessible numerical information about the past and 
assumptions that some aspects of the past patterns will continue into the future. Quantitative 
forecast can be divided into two classes: time series and explanatory models. Explanatory 
models assume that the variables to be forecasted exhibit an explanatory relationship with one 
or more other variables, in contrast, time series forecasting uses only information on the vari-
able to be forecasted and makes no attempt to discover the factors affecting its behavior [3].

A number of researchers have developed hurricane prediction tracking models in Puerto Rico. 
For example, see Ref. [4] used historical data to develop a stochastic model to predict the behav-
ior of hurricane tracks. The parameter estimation scheme, based on recursive and iterative 
algorithms, used historical records for hurricanes to fit vector autoregressive models. The iden-
tified models have been classified according to the order of the model. The first observations 
of a given hurricane are compared with historical hurricane tracks. The author [4] concluded 
that the vector ARMA model has excellent potential and may help reduce official forecasting 
error compared with a Statistical-Dynamical Hurricane Track Prediction Model (NHC90) from 
the National Meteorological Center [5]. Introduce a rainfall forecast methodology based on 
NEXRAD data, which was used as the basis to formulate the new rainfall methodology.
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Other examples of rainfall forecasting models were developed and available in the literature. 
Prediction of Rainfall Amount Inside Storm Events (PRAISE) is a stochastic model developed 
by [6] to forecast rainfall height at site. PRAISE is based on the assumption that the rainfall 
height accumulated on a delta time is correlated with a variable that represents antecedent 
precipitation. The mathematical background is given by a joined probability density function 
and by a bivariate probability distribution, which is referred to the random variable that rep-
resents rainfall in a generic site and antecedent precipitation in the same site. The peculiarity 
of PRAISE is the availability of the probabilistic distribution of rainfall heights for the fore-
casting hours, conditioned by the values of observed precipitation.

3. Methodology

The University of Puerto Rico at Mayagüez has a research weather radar network and a rain 
gauge network developed by Dr. Luz Estella Torres-Molina for research work. The radar 
network provides information with higher spatial and temporal precision. TropiNet (radar) 
has a 60 × 60 m spatial resolution at every pixel and temporal resolution of 1 min. A flood 
warning model must be operated based only on the data available at the time of forecast. 
Only the radar can display data in real time. This is not possible using rain gauges, but the 
rain gauges are used as data validation. Rain gauges-based systems must have a dependable 
and redundant telemetry system that will accurately and efficiently transmit data to a central 
location for processing. The data from TropiNet radar are used for rainfall prediction in the 
watershed, using stochastic methods. Once the rainfall forecast is obtained, the use of hydro-
logic models is necessary for analysis of flooding in this area. This research is focused on the 
western Puerto Rico and could be applied in general to other areas or regions with the same 
rainfall type with the corresponding hydrologic soil and coverage data.

The study area, which encompasses the watershed, is 819.1 km2 in area [7] and is located 
in western Puerto Rico. The region has three important watersheds: Río Grande de Añasco, 
Río Guanajibo, and Río Yagüez. The area includes 12 municipalities: Mayagüez, Añasco, 
Las Marías, San Sebastián, Lares, Maricao, Yauco, Adjuntas, Sabana Grande, San Germán, 
Hormigueros, and part of Cabo Rojo.

Flood problems in this study area are serious and widespread. Periodic flood damage to pasture-
land, roads, and a number of residential areas is significant. Flood waters have inundated the 
main Río Grande de Añasco floodplain 17 times in a period of 31 years, an average of approxi-
mately once every 2 years. The floodplain of the lower Rio Grande de Añasco has been inundated 
extensively at least six times during the period 1899–1975. One of the greatest known floods 
occurred in September 1975. Another great flood was that of September 1928. Other major floods 
occurred in September 1932, September 1952, October 1970, August 1899, and September 1899 [8].

The soil textures present in this study as percent of area are clay with 62.49%, clay-loam 24.96%, 
rock 8.69%, loam 3.00%, sand 0.81%, and gravel 0.04%. A soil map describing the class distribu-
tion is necessary to assign the values of the Green-Ampt infiltration parameters (see Figure 1).
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Developed an algorithm of Water and Energy Balance for Puerto Rico using data from the geo-
stationary operational environmental satellite (GOES) [9]. GOES-PRWEB utilizes an energy bal-
ance approach similar to [10]. The latent heat flux component of the algorithm is used to estimate 
actual evapotranspiration. The algorithm depends on solar radiation, which is determined using 
GOES satellite data. Ref. [11] were the first to propose a physical model for estimating the inci-
dent solar radiation at the surface from the Geostationary Operation Environmental Satellite.

Ref. [9] provided solar radiation data with spatial resolution of 1 km for Puerto Rico. In this 
research, we developed a subroutine in MatLab to convert the original 1 km resolution to 200 m 
resolution to obtain potential evapotranspiration (PET) estimation in a resolution compatible 
with our hydrologic model.

Twenty different classes of land cover and forest type are present over the study area cor-
responding to different kind of forest, woodland, and agriculture. The classification of land 
cover in this model is used to assign values for physical parameters which are important 
in the simulation with the hydrological model Vflo, and other important parameters with 
the land use are Manning’s roughness coefficient, rainfall interception, evapotranspiration, 
crop coefficient, and other. Ref. [11] classified the land use for this watershed in six major 
categories, shrub land, woodland, and shade coffee with an area of 529.16 km2, pastures with 
172.84 km2 of area, urban and barren area with 60.02 km2, agriculture with 55.06 km2, other 
emergent wetlands with 1.26 km2, and quarries, sand, and rock with 0.75 km2.

The climate of the study area is considered humid subtropical. The average temperature at 
the Mayagüez City, Puerto Rico station, is 70.7°F between the years 1971 and 2000, and the 
average maximum temperature in the Mayagüez city station between the years 1971 and 2000 
is 88.7°F [12].

Figure 1. Soil present in the study area [Source: Soil Survey Geographic (SSURGO)].
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The amount of rainfall varies considerably throughout the study area. Most of the rainfall 
occurs during the month of September with 10.62 inches on average. The months of January 
through April are considered the dry season with 1.60 inches in January, 2.59 inches in 
February, 3.35 inches in March, and 4.17 inches in April on average rainfall. In the west, the 
sea breeze effect carries wet air from the Mona Channel eastward, converging with the Trade 
Wind and resulting in intense convective rainstorms almost every afternoon within the water-
shed during the wet season. Rainfall and temperature data were obtained from the National 
Climatic data Center [12].

Table 1 includes the dates and specifications of every storm to the current study.

4. Radars

Radars are active sensors that emit electromagnetic pulses into the surroundings. A typical 
radar system consists of at least the following four components: a transmitter that gener-
ates high frequency signals, an antenna that sends the signal out and receives the echoes 
returned, a receiver that processes the returned signals, and a data display system [13]. 
Lower frequency and higher wavelength suggest that the radar has robust signal power and 
less attenuation, and the weather radar system discussed in the current research is based in 
X-band.

Date Duration (UTC) Storm type Storm impacts at western Puerto Rico

March 28, 2012 7 hr. 16:27–23:58 Stationary trough Impacts rivers, water on the road, and 
significant rainfall accumulation

March 29, 2012 6 hr. 00:36–06:53 Stationary trough Impacts rivers, water on the road, and 
significant rainfall accumulation

April 30, 2012 5 hr. 17:55–22:21 Convective storm Numerous showers over western Puerto Rico at 
the afternoon

October 10, 2012 5 hr. 16:10–21:43 Convective storm Some urban flooding

February 12, 2014 7 hr. 16:00–23:29 Heavy convective storm Reduced visibilities and ponding of water on 
roadways and low-lying areas

May 6, 2014 7 hr. 16:45–23:59 Convective storm Street flooding and reduced visibility on the 
highways.

May 21, 2014 7 hr. 16:46–23:00 Heavy convective storm The water covers the roadway. Ponding of water 
on roadways

June 29, 2014 5 hr. 17:00–22:00 Convective storm The shower activity produced periods of 
moderate to locally downpours

June 30, 2014 4 hr. 16:00–20:15 Thunderstorms associated 
to the leading edge of a 
tropical wave

Moderate to heavy rain, urban and small 
streamflood advisory

July 5, 2014 4 hr. 16:44–20:00 Convective storm Heavy rain, urban flood

Table 1. Characteristics of studied storms.
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The TropiNet radars are Doppler polarimetric radars which allow the radar beam to measure 
reflectivity close to the ground, overcoming the shadow effect of the Earth’s curvature, while 
maintaining high range and azimuth. The first TropiNet radar has been in operation since 
February 2012. TropiNet 1 is located in “Cerro Cornelia” Cabo Rojo, Puerto Rico, at 18.16°N, 
67.17°W, and 200 ft elevation (msl), approximately. The radars, working with the X-band fre-
quency, are about three times stronger than that of the traditional radar frequencies at S-band, 
making the measurements of rainfall more attractive. They have high space and time resolu-
tion for weather monitoring and detection and are capable of generating very high resolution 
data with a range of 40 km of radius or maximum radial distance (horizontal range) of 80 km 
of diameter.

Ref. [14] found a series of radars used for hydrological modeling. Additionally, they have 
indicated that in convective precipitation, when very steep horizontal gradients are observed, 
the information from a single rain gauge can be misleading. It must be stressed that radar and 
rain gauges are not competitive to each other because radars are used for spatial and temporal 
measurement, while the rain gauge only measures rainfall at a given single location [14]. If the 
comparison of a storm total is necessary, [15] explain that storm totals may be more accurately 
estimated by radar than any particular hourly accumulation when compared to rain gauges.

TropiNet radar being Doppler and Polarimetric can show velocity data of the cloud and 
reflectivity for every azimuth angle from 0 to 12°. TropiNet displays reflectivity logarithmi-
cally (10 log(Z)) or dBZ. The working frequency is 9.41 GHz ± 30 MHz, which corresponds to 
the X-band (in free space has a 3.19 cm wavelength). The TropiNet radar was designed and 
developed by Colorado State University (CSU) and UPRM to serve as the principal Internet-
controllable node of the TropiNet radar network [16].

To analyze the data, it was necessary to develop a model to convert raw data into NetCDF 
data and then convert the reflectivity data in dBZ to rain rate in (mm/hr) using empirically 
derived Z-R relationships to transform reflectivity to rain rate. Ref. [17] equation is the default 
Z/R relationship employed by the WSR-88D and TropiNet.

NOAA-NWS [1995] report recommended that Z-R relationship in use at the time of the event 
be changed from Z = 300R1.4 to a relationship more representative of raindrop distributions 
in a warm tropical storm. The Z-R relationship for warm tropical events recommended by 
the NWS Operational Support Facility since 1995 for all WSR-88D sites experiencing heavy 
rainfalls and now adopted by TropiNet is Z = 250R1.2 [15].

The Z-R relationship used in Puerto Rico is the convective; furthermore, it was necessary to 
define a maximum precipitation rate threshold for decibels above 53 dBZ [15]. The convective 
rainfall is a type of precipitation with some characteristics like very high horizontal gradient 
and very large vertical depths. These characteristics mean that the weather radar is the best 
tool for detecting convective precipitation, but the presence of different types of hydrome-
teors, especially hail and storm dynamics yielding fast varying vertical profile reflectivity 
(VPR), usually results in considerable random error in quantitative precipitation estimates. 
Large differences can be found especially when comparing rain gauges and radar estimates 
because of the high temporal and spatial variability of the convective storm and related verti-
cal profile of reflectivity [14].
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A radar application in MatLab was developed to access the store of binary volume files that 
contain the respective information as determined by the operator like reflectivity, azimuth, 
velocity, beam width, range, elevation, and other radar products. The operator can apply 
one of several possible scan configurations. For instance, in the range height indicator (RHI), 
the radar holds its azimuth angle constant but varies its elevation angles. This is essential to 
provide vertical resolution where the radar continuously scans through elevation angles at 
a given azimuth angle. Another common scan configuration is the plan position indicator 
(PPI), where the radar holds its elevation angle constant but varies its azimuth angle, rotating 
through 360°.

For this research, it was necessary to hold the radar scan in PPI with a constant elevation 
angle of 3°. Every radar scan has two angles of 3° and 5° with a duration time of 30 seconds. 
The data information is saved in the server. The raw data files are stored by date every hour, 
minute, and second of scan in binary format. Each volume scan from radar has been interpo-
lated to a fixed Polar grid and, after it is necessary, to convert to the fixed Cartesian grid. As 
part of the effort to further post-process the radar data, a model in MatLab was developed. 
This model performs the conversion from raw data polar coordinate system into ASCII data 
in Geographic coordinate system necessary for the hydrological software, Vflo.

5. Hydrologic model

The hydrologic model used in this research is Vflo [18]. Vflo is a fully distributed physically 
based hydrologic (PBD) model capable of utilizing geographic information and multi-sensory 
input to simulate rainfall runoff from major river basins to small catchments.

Vflo is a hydraulic approach to hydrologic analysis and prediction. Overland flow and chan-
nels are simulated using the Kinematic Wave Analogy (KWA). The model utilizes GIS grids 
to represent the spatial variability of factor controlling runoff. Runoff production is from 
infiltration excess and is routed downstream using Kinematic Wave Analogy. Computational 
efficiency of the fully distributed physics-based model is achieved using finite elements in 
space and finite difference in time. Vflo is suited for distributed hydrologic forecasting in post-
analysis and in a continuous operation mode, derives its parameters from soil properties, land 
use, and topography, and in this case, the precipitation is obtained from radar TropiNet. The 
goal of distributed modeling is to better represent the spatial-temporal characteristics of a 
watershed governing the transformation of rainfall into runoff.

The hallmark of Vflo is prediction of flow rates and stages for every grid cell in a catchment, 
watershed, river basin, or region. Vflo provides high-resolution, physics-based distributed 
hydrologic modeling for managing water from catchment to river basin scale. Improved hydro-
logic modeling capitalizes on access to high-resolution quantitative precipitation estimates 
from model forecasts, radar, satellite, rain gauges, or combinations of multisensor products.

Model input consists of rain-rate maps at any time interval from radar or multisensor sources. 
Data input for this model (besides rainfall) is derived from various commonly available 
sources of digital data. Parameters include topography and drainage networks derived from 
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a digital elevation model (DEM), infiltration derived from soils, and hydraulic roughness 
derived from land use/cover. These parameters may be input and edited manually or via 
ArcView grids.

For calibration performance, there is a sequence called the “ordered physics based parameters 
adjustment” (OPPA) method developed by [19]. The calibration process (OPPA) approach 
includes estimates of the spatially distributed parameters from physical properties, assigns 
channel hydraulic properties based on measured cross-sections where available, studies 
model sensitivity for the particular watershed, and identifies response sensitivity to each 
parameter. It furthermore runs the model for a range of storm from small, medium to large 
events. It observes the characteristics of the hydrograph over the range of storm size and any 
consistent volume bias. Then, it derives a range of response for a given change in a parameter 
and categorizes and ranks parameter sensitivity according to response magnitude.

The optimum parameter is that set which minimizes the respective objective function and 
matches volume by adjusting hydraulic conductivity. It can match the peak by adjusting 
overland flow roughness and re-adjust hydraulic conductivity and hydraulic roughness if 
necessary. The Vflo model does not simulate base flow, only direct runoff; it can be simulated 
assigning a fixed value to every channel cell for every event to simulate.

For a long-term analysis, it is necessary to quantify the base flow using known methodolo-
gies [20]. The OPPA procedure outlined above can be stated as: increasing the volume of the 
hydrograph is achieved by decreasing hydraulic conductivity, and similarly, increasing peak 
flow is achieved by decreasing hydraulic roughness.

Vflo model uses finite elements which can simulate streamflow based on geospatial data to 
simulate interior locations in the drainage network and determine channel flow and overland 
flow. It was fundamental to study the physical configuration of the watershed, such as a digi-
tal elevation model (DEM), the digitized topography, soils map, land use map, and informa-
tion about the basin.

Some stations from the USGS were used to compare and validate the runoff with the 
results from the hydrological model using radar data. Ref. [8] implemented the most recent 
Flood Insurance Study (FIS) for the Commonwealth of Puerto Rico. Standard hydrologic 
and hydraulic study methods were used to determine the flood hazard data required for 
this countywide FIS. The flood events have magnitude of exceeding once at any given 
day during the recurrence period of 10, 50, 100, and 500 years. These events have a per-
cent chance of 10, 2, 1, and 0.2%, respectively. The equation employed was mean annual 
rainfall (MAR) obtained from mean annual precipitation (MAP) developed by NOAA in 
2006 [precipitation record 1971–2000]. The regression analysis was performed based on 
depth to rock (DR) and contributing drainage area (CDA) as variables that govern the 
peak streamflow.

Other product in this research was potential evapotranspiration. A GOES satellite-based 
potential evapotranspiration (PET) product, with resolution of 1 km over the entire island 
each day, was used in this research. One of the most used methods to calculate PET or refer-
ence evapotranspiration, and the method used in this study, is the FAO Penman-Monteith 
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method. A large number of empirical methods have been developed over the last 50 years, 
and the Penman-Monteith method was considered to offer the best result with minimum pos-
sible error. The Penman-Monteith reference evapotranspiration equation is given by

  ETo=   
0.408Δ  (   R  n   − G )   +γ   900 _____ T+273    u  2    (   e  s   −  e  a   )   

   _______________________  
Δ+γ  (  1+0  .34u  2   )   

    (1)

where ETo is reference evapotranspiration (mm day−1), Rn is net radiation at the crop sur-
face (MJm−2day−1), G is soil heat flux density (MJm−2day−1), T is mean daily air temperature at 
2 m height (°C), u2 is wind speed at 2 m height (ms−1), es is saturation vapor pressure (kPa), 
ea is actual vapor pressure (kPa), es – ea is saturation vapor pressure deficit (kPa), Δ is slope 
vapor pressure curve (kPa°C−1), and γ is psychrometric constant (kPa°C−1). The equation uses 
standard climatological records of solar radiation, air temperature (°C), humidity, and wind 
speed (ms−1). The weather measurement should be made at 2 m (or converted to that height) 
above an extensive surface of an hypothetical green grass with an assumed height of 0.12 m, 
a fixed surface resistance of 70 sec m−1, and an albedo of 0.23.

Also a slope map was developed using the digital elevation map (DEM) at 200 and 10 m 
resolution from USGS. The digital elevation model (DEM) data consist of a sampled array 
of regularly spaced elevation values referenced horizontally either to a Universal Transverse 
Mercator (UTM) projection or to a geographic coordinate system. The grid cells are spaced at 
regular intervals along south to north profiles which are ordered from west to east. Figure 2 
presents the slope map for the basin derived from the DEM at 200 m resolution.

Figure 2. Basin slope map 200 m resolution.
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Figure 3. Basic soils textures in the basin area.

The watershed presents the six basic textures into the basin area, where a large amount area 
of clay is observed. The soil names present into the clay area are: Alluvial land, Aguilita, 
Aibonito, Bajura, Consumo, Daguey, Delicias, Humatas, Lares, Jacana, Los Guineos, 
Malay, Mabi, Mariana, Mariaco, Montegrande, Mucara, Nipe, and other. For the clay-loam 
texture, the soil names present are Anones, Caguabo, Descalabrado, and Morado. For the 
loam texture, the soils are Coloso, Corcega, Dique, Guainabo, Mani, Maresua, Palmarejo, 
Reilly, Talante, Toa, and other. Soils that correspond to the rock texture are including 
Limestone, Serpentine, and Volcanic rock land, for the sand texture was found in the soils: 
Cataño, Leveled and River wash and the last texture is Gravel which only has one soil with 
the same texture name (Figure 3).

Figure 4 presents the percent's of textures into the watershed, in which the clay encompasses 
most of the study area with 63% of total area.

On the other hand, the minimum texture present in the basin is the Gravel with a value 
approximate to 0.02%.

The hydrologic group is a parameter that affects the infiltration and runoff. Figure 5 presents 
the basin area with the hydrologic groups A, B, C, and D. The most representative groups are 
C and D: C with a 32% total area and D with a 40% total area.

Other parameters such as hydraulic conductivity, wetting front, and effective porosity were 
assigned from literature [20, 21]. The hydraulic conductivity (K) may especially control the 
infiltration process when rainfall occurs over already saturated soil; the hydraulic conductiv-
ity was specified for a single layer soil profile for this study area.
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The wetting front is the average capillary potential of the Green-Ampt infiltration routine, 
and this parameter is important because it can calculate infiltration under unsaturated condi-
tions and its value is independent of soil moisture at any particular time. The effective poros-
ity is the difference between total porosity and residual soil moisture content. This property is 
independent of soil moisture at any time, its range is between 1 and 0, with complete porosity 
being a value of one (1), and the value zero (0) is for the zero porosity. The soil depth is the 
depth to which the infiltration can occur in the soil, and if the wetting front is obstructed by a 
perched water table, then the depth to the water table is the limiting depth. If the soil profile is 
limited by an impermeable layer, then the depth to that layer is the limiting depth. Soil depth 

Figure 4. Soil texture percent in the basin area.

Figure 5. Hydrologic group with basin map areas.
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can be modified through the calibration of simulations to observed streamflow [21]. The soil 
depth data were obtained using USDA [22–25].

6. Types of forecasts

There are some properties needed to distinguish between different types of forecast. Forecast 
can extend to different scales in space and time; the spatial is doing reference in a fixed 
location in a specific area of city, e.g., the precipitation on a grid from TropiNet radar over 
Mayagüez city. The temporal range of a forecast is furthermore called lead-time. Short-range 
forecast covers very close events, like the next few hours or next minutes as in our case, and 
the long-range forecast considers the mean value of a meteorological parameter over a few 
days or months.

In this research, the data are correlated in space and time, where the strength in general 
decreases with spatial and temporal distance. Our models are designed to do forecast in time 
and space. This increases the difficulty as compared with prediction models that only use the 
forecast in time at a given place (e.g., forecast in rain gauges).

Other types of forecast are deterministic. In this case, a single forecast value is issued at each 
occasion, pretending a confidence that hides the forecaster’s uncertainty about the outcome. 
They are easy to interpret even for user without stochastic background knowledge. The simplest 
case is a deterministic binary forecast. This area decision, like yes or no, and additionally a gen-
eralization in the forecast if necessary, distinguishes between types of variables to be forecasted. 
The variable of interest can be ordinal, which can be expressed by a number and can be defined 
by an appropriate number of threshold values (e.g., light rain, middle rain, or heavy rain).

Other variable of interest is the nominal, where there is no natural ordering, like qualitative 
observation of the kind of precipitation (e.g., snow, rain, ice, or other). A deterministic evalu-
ation is furthermore named quantitative precipitation forecast (QPF), which induces the user 
to suppress information and judgment about uncertainty. In fact, it may create the illusion of 
certainty, while a probabilistic forecast is indicated as probabilistic quantitative precipitation 
forecast (PQPF). In order to reflect the uncertainty of the future outcome, probabilistic state-
ments are more appropriate.

For this research, a methodology that embraces a space-time stochastic model is used and 
is considered a “discrete time-series model” that includes a special kind of nonlinear model 
with stochastic and deterministic components. Here, the rainfall process is described at a dis-
crete time steps, is not intermittent, and, therefore, can be applied for describing the forecast 
within storm rainfall.

The other case is the use of meteorological model. These are useful qualitative and quantita-
tive rainfall forecasting tools on 24–72-h interval and on a large spatial scale. In such cases, 
indeed absolute precision is not required for practical application. In meteorological models 
when the forecasting lag time and spatial scale decrease, the effectiveness and the precision of 
kind of model additionally decrease [26].
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Autoregressive-moving-average models (ARMA) are mathematical models of autocorrelation 
in a time series. ARMA models are widely used in hydrology and were popularized by [27] 
who elaborated a comprehensive theoretical and practical development of time series models. 
There are several possible reasons for fitting ARMA models to data. ARMA modeling can 
contribute to understanding the physical system by revealing something about the physical 
process that builds persistence into the series. ARMA models can additionally be used to 
predict behavior of a time series from past values alone. Such a prediction can be used as a 
baseline to evaluate possible importance of other variables to the system.

The model consists of two parts: an autoregressive (AR) part and a moving average (MA) 
part. The AR model expresses a time series as a linear function of its past values. The order 
of the AR model indicates how many lagged values are included. The moving average (MA) 
model is a form of ARMA model in which the time series is regarded as a moving average of 
a random shock. The model is usually then referred to as the ARMA(p,q) model where p is the 
order of the autoregressive part and q is the order of the moving average part. ARMA models 
in general, after choosing p and q, are fitted by iterative procedure of a nonlinear least squares 
regression to find the values of the parameters which minimize the error term. The ARMA 
modeling process is commonly an iterative, trial, and error process. Thus, it is necessary to 
use the least possible number of parameters that will adequately produce forecasted values 
with similar statics of the historical data [28].

ARMA is a methodology widely used to do predictions of all types, for economy as well as 
for the weather predictions. In any case, it is necessary to have a long historical data. In the 
literature, ARMA model has been used to predict at one or two rain gauges at a single point 
but not at radar field. Since the ARMA model predicts at a single point, this is an important 
reason to avoid the use of ARMA methods in this research. This principle was applied to this 
thesis or this model and at the same time to the principle of parsimony to obtain results in the 
model with small possible error.

The Point process is a type of random process for which any action consists of a set of isolated 
points in time or in space. The example more global in point process model is the Poisson 
process that counts the number of events (storm) and the time that these events occur in a 
given time interval. Usually, the time between each event’s development has an exponential 
distribution and the numbers of occurrences are independent of each event (storm).

The Point process model has been used commonly to forecast rainfall in which storm origins 
occur in a Poisson process. The Point process model is applied at a single site or fixed point 
where the storms arrive in a Poisson process. Each storm incorporates a group of random 
number of rain cell, where each cell has a random duration or lifetime and depth. The total rate 
of precipitation at time (t) is the sum of contributions from all active cells at (t) [29]. This type 
of model uses complex equations, and the analysis of precipitation is in time at a fixed point 
in space and the properties of the natural process can be deduced via the mathematical model.

Ref. [30] have a model for daily rainfall in which wet and dry days occur in a Markov chain 
with seasonally dependent transition probabilities. In it, the amounts of rain per wet day have 
a gamma distribution with seasonally dependent parameters.
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An algorithm for predicting 10, 20, and 30 min in advance the spatial distribution of rainfall 
rate is introduced in this work. The algorithm is based on the assumption that TropiNet radar 
rainfall rate data provide estimations of the rainfall with high spatial and temporal resolution. 
Some researchers have compared radar rainfall data with rain gauge measurements [31–33]. 
These comparisons may not be useful since a rain gauge measures precipitation at a single 
point located at the surface level, whereas the weather radar measures the average of reflec-
tivity at certain elevation and over a much larger area. A stochastic function is used to esti-
mate the rainfall rate based on reflectivity.

When a rain gauge is compared with radar, it is expected that the average rainfall will behave as 
an individual point. It is known that the average will behave differently than that of an individual 
observation; therefore, these quantities should not be expected to be equal. When several rain 
gauges are averaged and compared with the radar measurements, the average of the rain gauges 
is inconsistent because it was developed with few points, whereas the average of the radar was 
developed with a much larger number of points. The rainfall modeled over a watershed shows 
that the peak flow measurements and overall runoff from radar performed better than the esti-
mated peak flow using rain gauges [34]. Additional studies have concluded that the peak dis-
charge of streamflow computed with radar data was more accurate than those computed from 
rain gauges alone [35]. Thus, there is no instrument that precisely measures the amount of rainfall 
over a large area. The weather radar provides an estimation of the rainfall rate over larger areas.

The suggested algorithm uses TropiNet (RXM-25) data to predict the variability of the rain-
fall field in time and space. It is assumed that for a short time period (10, 20, and 30 min), a 
rain cloud behave as a rigid object, with all pixels moving in the same direction at a constant 
speed. Thus, the most likely future rainfall areas are estimated by tracking rain cell centroid 
advection in consecutive radar images. The suggested algorithm is a special kind of nonlinear 
model with stochastic and deterministic components. The rainfall process exhibits significant 
changes in time and space, and it can be characterized as a nonstationary stochastic process. 
To face the nonstationary characteristic of the process, parameters are estimated at every time 
and spatial domain.

The model consists in considering the rainfall shape data as a rectangular grid with 940 col-
umns and 740 rows of pixels for a total of 695,600 pixels, with every pixel size is 0.06 km wide 
and 0.06 km long. From the grid data, select a zone of 81 pixels that was divided in squares 
of Δx × Δy pixels, where (Δx) is referenced to columns of 9 pixels and (Δy) to rows of 9 pix-
els with total zones of 8,528 (82 x 104) in every window, as shown in Figure 6. Several zone 
sizes were explored for Δx and Δy = {7, 9, 11, …, 25}, and it was found that the larger the zone 
size, the larger the number of degree of freedom. However, resolution was degraded with 
increased zone size.

In the model, the use of the same zone in the previous window (t − 1) and (t − 2) is necessary. 
Every zone (9 × 9) should have a minimum of 24 rain pixels with 20 degrees of freedom. Zones 
with less pixel of rain could not be selected to forecast analysis. In zones where the prediction 
movement suggests that there is a rainfall cell but the zone has no necessary pixels required 
(24 pixels), an interpolation was applied. The interpolation used was “Kriging” between the 
25 pixels nearest to pixel that has no prognostic.
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The model is defined by the equation

   h  t,k  (  i,j )      =  α  t,k   +   (   β  t,k   −  α  t,k   )     (2)

   Φ  t,k    [   1-e   − ∑       (   δ1  t,k     ̄  h   t-1,k  (  i,j )     + δ2  t,k     ̄  h   t-2,k  (  i,j )     + δ3  t,k   Z  t-1,k  (  i,j )      )     ]    +  ε  t,k  (  i,j )       (3)

where (i, j) represents the geographic position or coordinates, latitude, and longitude of every 
pixel in the grid, and k is the zone. This process starts in pixel 1 until pixel 8,528. In every 
zone, unknown parameters should be determined (α, β, Φ, δ1, δ2, δ3): α is the minimum value 
found between previous values of ht − 1,k(i,j) and ht − 2,k(i,j) in their respective zones, and (k), β is the 
reflectivity maximum value found between previous values of ht − 1,k(i,j) and ht − 2,k(i,j) in the spe-
cific zone (k). The mathematical structure of the model was inspired on a previous work [36]. 
In the current work, this model was used because this scheme ensured that rainfall forecast 
will fall inside of the most likely rainfall intensity domain [α, β], which was derived by the 
observed local rainfall distribution.

    h ¯¯    t−1,k  (  i,j )       is the reflectivity average value in the time (t − 1). The average value was determined in 
every pixel into each zone. It was obtained averaging the eight pixels closest to the pixel under 
study. Similarly,     h ¯¯    t−2,k  (  i,j )       is the average reflectivity value in the time (t − 2).

The variable Zt − 1,k(i,j) is the ratio between the pixels with maximum reflectivity. Zmax(t − 1), k(i,j) in 
every cloud or cell and the nearby pixels Zi(t − 1), k(i,j) forming the cloud or cell, and the random 

Figure 6. Rectangular grid of rainfall data.
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Figure 7. Cloud motion forecast and observed on March 28, 2012 (17:10 hr.).

variable εt,k(i,j) is a sequence of an unobserved random variable with mean zero and constant 
variance associated with the pixel (i, j)

The variable Phi (Φt,k) is changing in the equation at every zone (9 × 9) in each window. This 
variable was determined first by linearization of the nonlinear equation (Phi-initial) and after 
using optimization nonlinear techniques with constrains “Sequential Quadratic Programming” 
(SQP). The initial coefficient deltas (δ1, δ2 and δ3) were obtained through the estimation 
method “least squares” by linearization of nonlinear equation (exponential). Once the vari-
able’s initial deltas were found, the next step is to find the variable Phi (Φt,k) initial. These 
values were used to forecast rainfall at one lead-time and successively with the following 
forecasts.

7. Results

There are many methods for forecasting with long lead-times as 8, 24, and 36 hr. or weekly, 
using autoregressive methods, moving averages, and others. However, the current study is 
a special kind of method for nowcasting (short time as minutes). In the western Puerto Rico 
occur sudden precipitations with short durations due to atmospheric conditions and topo-
graphic features at a given locations. Precipitation events may develop, occur, and dissipate 
immediately and the duration will be about 1, 2, or 3 hr.

Knowing the precipitation characteristics, the nowcasting model developed in the current 
research only needs two lag times for prediction. This means that the model has the capacity 
to forecast the rainfall even if the duration is very short. The developed model is presenting 
the best prediction when the lead-time is 10 min. The postulated rainfall nowcasting algo-
rithm involves two major tasks: a) predicting the future location of the rain pixels and b) 
predicting rainfall at each pixel.

Figure 7 shows the cloud motion comparison between observed (right) movement and esti-
mated (left) movement at storm date (March 28, 2012; 17:10 hr.).
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The point black is the centroid at initial time, and the red point is the centroid at the final time. 
In some cases, there is more than one clouds centroid, and so these are more than one black 
and red points in the figure. This happens when the division cloud method has detected more 
than one cloud system within the area.

For all events, the best results were presented with a prediction of 10 min (see Figure 8). The 
western Puerto Rico area geographical position makes it susceptible to sudden rainfalls that 
are changing rapidly in time and space. Due to this change, a lead-time of 10 min is the time 
prediction more adequate to this precipitation class. A larger lead-time results in greater sta-
tistical errors. Contrarily, using a lead-time smaller than 10 min, the purpose of flood alert 
system will be annulled by the absence of time to evacuation.

It is important to mention that the algorithm to forecast precipitation uses a sequence of the 
observed rainfall data to estimate the movement direction and size of the cloud or cell, and 
then using the main equation, rainfall is estimated in each pixel within every zone. Thereby, 
the suggested regression model was developed under the following assumption: It is expected 
that in a short time (10 min) period, a rain cloud behaves approximately as a rigid object and 
the cloud rain pixels move in a constant speed and direction. Thus, the most likely future 
rainfall areas can be estimated by using the advection of the centroids of the rain cells in con-
secutive images. The current estimation reflectivity is a function of the previous reflectivity 
images observed. Rainfall nowcasting algorithm task is predicting rainfall rate at each pixel.

This methodology was applied to four unknown parameters (δ1, δ2, δ3 and Φ) to find the opti-
mum values with a bounded constraint: first, linearize the main equation; second, identify the 
initial point through a nonlinear regression model where the phi (Φ) is temporarily ignored 
and the delta values initially are obtained by solving the linear regression; and third, find the 
optimum values using a constrained nonlinear optimization technique to estimate the final 
parameter set for each zone (9 × 9) and every window where the phi (Φ) parameter is a bias 
correction factor introduced in the optimization. The optimum parameters for the nonlinear 
regression model were estimated by solving a constrained nonlinear optimization problem 
(fmincon). The derived initial point was ingested into the constrained nonlinear subroutine to 
facilitate convergence, the delta parameters were restricted to be positives, and phi parameter 
was restricted to be in the range of 0–1.1 values.

An analysis for the nowcasting requires a combination of meteorological and hydrological 
statistics, which permits a better understanding of behavior of the spatial and temporal accu-
racy of storm prediction. A good nowcasting includes accuracy of the spatial and the tempo-
ral levels and accuracy of the predicted rainfall intensity. Model performance criteria for the 
prediction required quantitative comparison measures; these measures include ten storms.

The accuracy of rainfall prediction of each pixel can be measured by decomposing the rain-
fall process into sequences of discrete and continuous random variables, i.e., the presence or 
absence of rainfall events and rainfall intensity. Examples of quantitative measures used in 
the current research include Contingency table, mean square error (MSE), root mean square 
error (RMSE), bias ratio (BR), and mean absolute error (MAE). These measures will be dis-
cussed in detail below.
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Figure 8. Reflectivity sequence with a lead-time of 10 min, to = 16:50 hr. on March 28, 2012.
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The joint distribution of the forecast and observations has fundamental interest with respect 
to the verification of forecasts. In the most practical setting, both the forecast and observa-
tions are discrete variables, even if the forecasts and observations are not already discrete 
quantities.

For lead-times of 10, 20, and 30 min, the storms provide an average hit rate (HR) of 0.90, 0.86, 
and 0.84, respectively. The hit rate score is the fraction of observed events that is forecast cor-
rectly. It ranges from 0 at the poor end to 1 at the good end.

The probability of detection (POD) of storms varies from 0.61, 0.50, and 0.41, while the false 
alarm rates (FAR) are 0.27, 0.38, and 0.46 for lead-times of 10, 20, and 30 min, respectively.

Figure 9 shows POD values and FAR values for the complete set of storms. In the ideal situa-
tion, POD should approach to 1, while the FAR results should approach to 0.

The performance indices of 0.74, 0.66, and 0.60 for 10, 20, and 30 min, respectively, for the 
model, are shown in Figure 10.

Similarly, the hit rates (HR) of the model for the all storms were 0.90, 0.86, and 0.84 for the 10, 
20, and 30 min. The root mean square error (RMSE) and bias ratio (BR) measure the accuracy 

Figure 9. Probability of detection and false alarm for the all storms.

Figure 10. Performance index for the all storms.
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of the simulation for all 10 studied events, which furthermore shows the corresponding aver-
age values for each lead-times of 10, 20, and 30 min, respectively. The RMSE average values 
are 0.026, 0.077, and 0.144 mm, and the Bias average values are 0.97, 0.98, and 1.04 for lead-
times of 10, 20, and 30 min, respectively.

The estimation of bias ratio for a lead-time of 30 min presents an average overestima-
tion prediction, while the estimation of bias ratio for a lead-times of 10 and 20 min shows 
sub-estimation.

The forecast results present the same tendency of the observed data where the peaks with 
more precipitation in TropiNet events are coinciding with the forecasted data. They are in 
good agreement considering that the prediction is in short time and space.

The hydrological model Vflo required the ensemble of various layers that perform the physi-
cal and topographic characteristics of the basin area. These layers are formed by parameters 
that were previously presented as effective porosity, hydraulic conductivity, wetting front, 
roughness, soil depth, and initial saturation, which can be most sensitive in the watershed. 
Spatially distributed parameter and input from radar rainfall require new methods for adjust-
ment in order to minimize differences between simulated and observed hydrographs. The 
hydraulic roughness (n), hydraulic conductivity (K), and initial saturation (θ) are the most sen-
sitive parameters of the hydrological model. These values are estimated from physical proper-
ties of the watershed adjusted to reproduce system behavior [19]. The hydraulic conductivity 
controls the total amount of water that will be split into the surface runoff. The hydraulic 
roughness affects the peak flow, and the time to peak and initial saturation is related to the 
existing humidity into the soil. Study of model sensitivity was done for the watershed to iden-
tify response sensitivity for peak flow to each storm changing the multiplicative factor in the 
parameters. When the adjustment factor is above 1, the range of change in peak flow falls and 
tends to remain constant or with a minimum change in the peak flow, just below the referenced 
value. The analysis suggests that the initial saturation is the parameter with the highest sensi-
tivity in the peak flow for different storms with short duration. Initial saturation is a parameter 
that depends on how many storms have occurred previously to the studied storm (antecedent 
soil moisture). Different results are possible to obtain with a sample of continuous storms.

Similar results were founded in peak flow with variations of roughness and hydraulic con-
ductivity for all events. Low variations were founded in peak flow when the adjustment fac-
tor takes values greater than one.

8. Conclusions

The best statistical results were found in the rainfall nowcasting model with a lead-time of 10 
min as expected. It is well known that prediction of sudden storms using rainfall nowcasting 
models represents the category that is the most difficult to predict, and consequently, provid-
ing accurate flash flood warnings from these types of storms is a major challenge.
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The nowcasting model has a limitation in the timeshift because we are assuming that the 
cloud is a rigid object and that the cloud speed is constant, when in reality these parameters 
could vary. To find the actual weather conditions, more atmospheric parameters would need 
to be taken into account. In fact, cloud speed depends on its formation and other physical 
parameters that are constantly changing [37]. These factors should be taken into account in 
future works.
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Abstract

Starting in 2002, a continuous building of flood protection infrastructure aiming at pre-
venting high monetary damages has been taking place in Upper Austria. As a result of 
investments in these flood protection measures between 2002 and 2015, significant posi-
tive effects on the gross regional product as well as on the employment level have been 
generated. However, the macroeconomic effects are found to depend substantially on the 
import quota for required materials.

Keywords: flood protection infrastructure, investment, macroeconometric simulation, 
economic effects, Upper Austria

1. Introduction

Austria has always been confronted with flood situations, which pose a threat to the inhab-
itants of the particular areas and cause enormous monetary damages. Since the turn of the 
century, there have been 200‐year floods just 11 years apart, one in August 2002 and the 
other one in June 2013. As a consequence, the state and federal Governments of Austria 
and Upper Austria, respectively, have been continuously investing into flood protection 
measures. The present study aims to quantify the value added and the effects on employ-
ment as a consequence of implementing the flood protection program and the measures 
therein. The main focus is on an ex‐post analysis of the Upper Austrian economy between 
2002 and 2015.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



An assessment of the flood damages which were avoided due to making these investments is 
not the focus of this study. The damages caused by floods occurring in recent years are only 
rudimentarily documented. It is also noted that there is scarce or insufficient information on 
the economic costs of flood damage corresponding to social opportunity costs as these are not 
directly apparent from existing statistics [1].

Section 2 provides an overview of flood damages in Upper Austria between 2002 and 2013. In 
Section 3, the effects of the investments on the regional value added and the rate of employ-
ment are quantified on the basis of ex‐post analyses. These are based on a comparative static 
assessment and a macroeconometric simulation by means of a dynamic time‐series model. 
The conclusions of this study are drawn in Section 4.

2. Flood damages in Upper Austria

2.1. Flood of 2002

The flood of August 2002 exceeded all floods in Austria since 1965/1966 [2]. It claimed nine 
lives and resulted in monetary damages of € 3 bn [3]. € 420 m of those monetary damages 
were covered by insurances, another € 414 m were covered by the disaster fund, resulting in 
a deficit of approximately € 2.2 bn [4, 5]. Waterways Authority conducted a damage survey 
in their jurisdiction (e.g., damages to towpaths, the riverside and approach piers, silting up 
of harbor basins, aggradations, and suspended loads) along the Danube, March, and Thaya, 
estimating the damages caused by the flooding to amount to approximately € 3 m [6].

There have been different statements about the amount of damages in Upper Austria. 
According to Ref. [7], the flood in August 2002 caused total monetary damages of approxi-
mately € 464 m. 23.9% of the damages are apportioned to households, 49.6% to companies, 
7.8% to agriculture and forestry, and 18.7% to the public sector. More than twice as much, 
approximately € 1.1 bn of monetary damages were reported by a territorial council at a 
press conference on March 9, 2013. € 500 m thereof are apportioned to the Upper Austrian 
Machland, a region and a cultural landscape along the Danube. The Upper Austrian agricul-
ture faced monetary damages of € 11.6 m. A total of approximately 10,500 ha of agricultural 
land were affected [8].

2.2. Flood of 2002

The flood in June 2013, the second 100‐year flood within 11 years, led to overall monetary 
damages of approximately € 870 m. The EU's disaster fund covered just under € 22 m [9]. 
Insurances paid out € 250 m. In Upper Austria, the total damages of the flood of 2013 amount 
to approximately € 220 m. The EU granted € 2.9 m from their solidarity fund as flood aid for 
Upper Austria [10]. The Upper Austrian agriculture was faced with estimated damages of  
€ 15 m as a result of the flood. 247 farms were damaged throughout the state, as well as 
approximately 10,500 ha (as in 2002) of agricultural land. Of this, 7400 ha are forage crops, 
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2400 are grasslands, and 700 are vegetables and strawberries. However, the damages of the 
flood in June 2013 exceeded those of the flood in 2002. The reasons for this are the flooding 
of higher quality goods on the one hand and on the other hand, the fact that in August 2002, 
many fields had already been harvested. Additionally, approximately 4000 hectares of forest 
areas were flooded in 2013 [8].

2.3. Flood protection

In general, an increase in severe flood disasters can be observed [7]. Due to those flood events, 
efforts in the area of flood protection have been intensified. In 2005, the largest flood protec-
tion program to date was launched in Upper Austria. Thus, the damages of the flood in 2013 
could be reduced from € 1.1 bn to one‐fifth to a quarter, despite being more severe than the 
flood in 2002 [11]. Data about the amount of investment into the flood protection program 
vary between € 690 and 700 m over the period from 2002 to 2015 [12, 13]. The average infra-
structure investment costs per year of approximately € 50 m are similar to those in the assess-
ment of alternative flood control policies in the Netherlands [14]. For another flood protection 
project in the Eferdinger basin, a budget of € 250 m is available for the implementation period 
from 2014 to 2022 [15].

3. Economic ex‐post analysis of the Upper Austrian flood protection 
program

This section investigates the effects of the investments into flood protection in Upper Austria 
in the period from 2002 to 2015. As shown in Ref. [16], the effects on the regional economy 
(e.g., employment) play an important role within the decision‐making of environmental 
adaption measures. In the present study, the economic effects are calculated by two meth-
ods, applying comparative static analysis on one hand (see Section 3.1) and a dynamic sim-
ulation (see Section 3.2) based on the macroeconomic simulation model MOVE2 [17] on 
the other hand. Since this is an ex‐post analysis, the primary research question is defined 
as follows: what economic contribution with regard to employment and value added has 
been created in the past (2005–2015) by the Upper Austrian flood protection construction 
program?

3.1. Comparative static analysis

The data of investments made between 2002 and 2015 within the context of flood protection 
are used as an input for the dynamic simulation of the economic effects in Upper Austria (see 
Section 3.2). For the period of time between 2002 and 2015, overall investments of approxi-
mately € 690 m were made (see Figure 1 and Tables 1 and 2 for a temporal aggregation and 
arrangement according to specific measures). All data were provided by the Upper Austrian 
Government, Environment and Water Management and are identical to the data in Ref. [1] for 
the time period 2002–2012.
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In general, investments into the flood protection are grouped as follows:

a. Immediate measures (€ 27 m/approximately 4% of overall investments).

b. Flood protection measures (€ 137 m/approximately 20% of overall investments).

c. Maintenance (€ 44 m/approximately 6% of overall investments).

d. Costs of planning (€ 5 m/approximately 1% of overall investments).

e. Torrent control and immediate measures (€ 140 m/approximately 20% of overall investments).

f. Flood protection projects along the Danube1 (€ 337 m/approximately 49% of overall 
investments).

The types of financing also are considered (see Table 3). Analogous to Ref. [1], there are three 
different types of financing: (1) federal funds, (2) state funds, and (3) funds from interested 
parties. As shown in Table 3, approximately 39% (€ 265 m) are accounted for by federal funds, 
approximately 52% (€ 361 m) by state funds, and approximately 9% (€ 64 m) by interested 
parties.

As imports may lead to outflows of added value, parts of the investments do not take effect 
in Upper Austria. Analogous to Ref. [1], three scenarios with different import quotas (0, 10, 
and 20%) are defined for construction services within the scope of immediate measures, flood 

1Measures of the Austrian Ministry for Transport, Innovation and Technology along the Danube in Upper Austria.

Figure 1. Total investments into flood protection programs in Upper Austria, 2002–2015.
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protection measures, torrent control and immediate measures, and maintenance as well as 
projects related to the Danube (see Table 4).

3.2. Dynamic simulation analysis

The input for the dynamic analysis of economic effects in Upper Austria with the simula-
tion model MOVE2 [17] is provided by the comparative statistic preparation of the data 
(see Section 3.1) of the investments which were made between 2002 and 2015 within the scope 
of the flood protection program. The focus is on macroeconomic effects due to the investments, 
whereas economic optimality, as for example examined in Refs. [18, 19], is not assessed. The 
dynamic economic impacts of the investments into the flood protection program are described 

2009 2010 2011 2012 2013 2014 2015

(m €) (m €) (m €) (m €) (m €) (m €) (m €)

Immediate measures 0.1 0.1 0.2 0.1 3.9 3.1 2.3

Flood protection measures 27.3 9.2 3.0 4.3 19.4 15.5 11.6

Maintenance 4.4 3.6 1.7 0.4 6.3 5.0 3.8

Planning 0.3 0.2 0.2 0.0 0.6 0.5 0.4

Torrent control and 
immediate measures

10.0 9.0 8.5 5.1 19.8 15.8 11.9

Danube projects 27.8 39.9 57.3 38.2 20.0 75.0 47.0

SUM 70.0 62.0 70.9 48.0 70.0 115.0 77.0

Table 2. Investments by type of flood protection measures, 2009–2015.

2002 2003 2004 2005 2006 2007 2008

(m €) (m €) (m €) (m €) (m €) (m €) (m €)

Immediate measures 16.6 0.0 0.0 1.0 0.1 0.0 0.0

Flood protection 
measures

2.3 5.1 3.7 0.1 12.7 11.0 11.7

Maintenance 2.1 2.0 2.8 3.4 1.9 1.5 5.5

Planning 0.4 0.0 0.0 0.7 0.4 0.2 0.7

Torrent control and 
immediate measures

7.5 10.2 5.1 6.5 6.2 7.4 16.8

Danube projects 0.4 0.4 2.9 2.9 5.6 3.1 16.7

SUM 29.2 17.7 14.4 14.5 26.8 23.1 51.3

Table 1. Investments by the type of flood protection measures, 2002–2008.
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Import quota: 0% Import quota: 10% Import quota: 20%

Year (m €) (m €) (m €)

2002 29.2 26.3 23.4

2003 17.7 15.9 14.1

2004 14.4 12.9 11.5

2005 14.5 13.1 11.8

2006 26.8 24.2 21.5

2007 23.1 20.8 18.6

2008 51.3 46.2 41.2

2009 70.0 63.0 56.0

2010 62.0 55.8 49.6

2011 70.9 63.8 56.7

2012 48.0 43.2 38.4

2013 70.0 63.1 56.1

Total investment Federal funds State funds Interest parties’ 
funds

(m €) (m €) (m €) (m €)

Immediate measures 27 15 9 3

Thereof public waters 2 2 0 0

Thereof interest parties’ waters 26 14 9 3

Flood protection measures 137 72 48 17

Thereof public waters 28 24 1 3

Thereof interest parties’ waters 109 48 47 14

Maintenance 44 19 12 13

Thereof public waters 7 6 0 1

Thereof interest parties’ waters 37 13 12 12

Planning 5 3 2 0

Thereof public waters 1 1 0 0

Thereof interest parties’ waters 4 2 2 0

Torrent control and immediate 
measures

140 83 26 31

Danube projects 337 74 264 0

SUM 690 265 361 64

Table 3. Investments by the type of flood protection measures and the method of funding, 2009–2015.
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below. In particular, the progression and interactions of the macroeconomic parameters such 
as gross regional product (GRP), investments, employment, and private consumption are 
observed and elucidated. For the general interpretation of the results, there has to be empha-
sized that the simulation result shows the difference of the two development paths of the 
model—the difference between the business‐as‐usual and the simulation scenario of each 
endogenous variable of the model—and not the absolute values of both scenarios as in the 
case of a prognosis model [17].

Over the period of 2002 until 2015, positive effects of the investments in flood protection on 
the Upper Austrian GRP can be observed at large (see Table 5 and Figure 2). For the time 
period from 2002 to 2015, the annual average increase of the GRP is approximately € 83, 78, or 
73 m higher at import rates of 0, 10, or 20%, respectively.

Import quota: 0% Import quota: 10% Import quota: 20%

Year (m €) (m €) (m €)

2014 115.0 103.6 92.1

2015 77.0 69.3 61.7

SUM 690 621 553

Ø 49.3 44.4 39.5

Note: Rounded values. Outflows of value added are taken into account for construction services within the scope of 
immediate measures, flood protection measures, torrent control and immediate measures, and maintenance as well as 
projects related to the Danube. Planning costs are not affected by outflows of added values

Table 4. Investments affecting the value added.

Gross regional product

Import quota: 0% Import quota: 10% Import quota: 20%

Year (m €) (m €) (m €)

2002 +31 +29 +27

2003 +29 +27 +25

2004 +28 +26 +24

2005 +28 +26 +24

2006 +41 +39 +36

2007 +42 +39 +37

2008 +73 +68 +64

2009 +104 +97 +90

2010 +108 +101 +94

2011 +121 +114 +106

2012 +104 +97 +91
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Investments into flood protection as well as the increase of private consumption of households 
between € 25 and 26 m per year (depending on the import quota) as a result of the induced 
effects of the investment impulses are the cause for this development (see Tables 6 and 7). The 
outflow of value added caused by imports of foreign materials or technologies is superimposed 
and thus weakened by the increase in exports as a result of the positive development of the 
economy. This results in net exports (difference between exports and imports) of approximately 
€ 15, 10, or 6 m at import rates of 0, 10, or 20%, respectively (see Table 8).

As for the rate of employment (see Figure 3 and Table 9), as a result of the increase in GRP 
over the time period 2002–2015, an increase of 590, 520, or 460 persons can be observed at 
import rates of 0, 10, or 20, respectively. 60% of the additional employees originate from the 
construction sector.

Gross regional product

Import quota: 0% Import quota: 10% Import quota: 20%

2013 +123 +116 +108

2014 +176 +165 +154

2015 +155 +145 +136

Ø +83 +78 +73

Note: Displaying of direct, indirect, and induced effects. Own calculations with the simulation model MOVE2 [17].

Table 5. Impacts on Upper Austria's gross regional product as a result of investments in flood protection measures, 
taking into account different import quotas, 2002–2015.

Figure 2. Impacts on Upper Austria's gross regional product as a result of investments in flood protection measures, 
taking into account different import quotas, 2002–2015. Note: Displaying of direct, indirect, and induced effects. Own 
calculations with the simulation model MOVE2 [17].
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Investments

Import quota: 0% Import quota: 10% Import quota: 20%

Year (m €) (m €) (m €)

2002 +20 +20 +20

2003 +15 +15 +15

2004 +13 +13 +13

2005 +13 +13 +13

2006 +22 +22 +21

2007 +20 +20 +20

2008 +40 +40 +40

2009 +56 +56 +55

2010 +54 +53 +53

2011 +61 +61 +60

2012 +47 +46 +46

2013 +61 +61 +60

2014 +95 +94 +93

2015 +72 +71 +70

Ø +42 +42 +41

Note: Displaying of direct, indirect, and induced effects. Own calculations with the simulation model MOVE2 [17].

Table 6. Impacts on Upper Austria's investments as a result of investments in flood protection measures, taking into 
account different import quotas, 2002–2015.

Private consumption

Import quota: 0% Import quota: 10% Import quota: 20%

Year (m €) (m €) (m €)

2002 +10 +10 +10

2003 +7 +7 +7

2004 +9 +9 +8

2005 +9 +8 +8

2006 +13 +13 +13

2007 +13 +12 +12

2008 +24 +23 +23

2009 +31 +31 +31

2010 +32 +32 +31
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Net exports

Import quota: 0% Import quota: 10% Import quota: 20%

Year (m €) (m €) (m €)

2002 +1 −1 −3

2003 +7 +5 +3

2004 +6 +5 +3

2005 +6 +5 +3

2006 +6 +4 +2

2007 +9 +7 +4

2008 +9 +5 +1

2009 +16 +10 +4

2010 +22 +16 +10

2011 +21 +15 +9

2012 +24 +19 +14

2013 +20 +14 +7

2014 +24 +14 +4

2015 +34 +27 +19

Ø +15 +10 +6

Note: Displaying of direct, indirect, and induced effects. Own calculations with the simulation model MOVE2 [17].

Table 8. Impacts on Upper Austria's net exports as a result of investments in flood protection measures, taking into 
account different import quotas, 2002–2015.

Private consumption

Import quota: 0% Import quota: 10% Import quota: 20%

Year (m €) (m €) (m €)

2011 +39 +38 +37

2012 +33 +32 +31

2013 +42 +41 +41

2014 +58 +57 +56

2015 +48 +47 +46

Ø +26 +26 +25

Note: Displaying of direct, indirect, and induced effects. Own calculations with the simulation model MOVE2 [17].

Table 7. Impacts on Upper Austria's private consumption as a result of investments in flood protection measures, taking 
into account different import quotas, 2002–2015.
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Figure 3. Impacts on Upper Austria's employment as a result of investments in flood protection measures, taking into 
account different import quotas, 2002–2015. Note: Displaying of direct, indirect, and induced effects. Own calculations 
with the simulation model MOVE2 [17].

Employment

Import quota: 0% Import quota: 10% Import quota: 20%

Year (employees) (employees) (employees)

2002 +250 +220 +200

2003 +180 +160 +140

2004 +180 +160 +140

2005 +190 +160 +140

2006 +300 +260 +230

2007 +290 +260 +220

2008 +540 +480 +420

2009 +740 +660 +580

2010 +740 +660 +570

2011 +860 +760 +670

2012 +720 +630 +550

2013 +920 +810 +710

2014 +1.320 +1.180 +1.030

2015 +1.070 +940 +820

Ø +590 +520 +460

Note: Displaying of direct, indirect, and induced effects. Own calculations with the simulation model MOVE2 [17].

Table 9. Impacts on Upper Austria's employment as a result of investments in flood protection measures, taking into 
account different import quotas, 2002–2015.
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4. Conclusion

The study shows that the flood protection program has significant positive effects on Upper 
Austria's economy within the time frame from 2002 to 2015. Despite not quantifying the flood 
damages, which were avoided due to making the investments into flood protection, in this 
study, the extent of the economic effects suggest that the investments within the framework 
of the flood protection program are of great benefit from an economic perspective. The follow-
ing points have to be emphasized.

• Positive effects of the investments into flood protection on the GRP can be obtained. Over-
all, the annual average increase of the GRP is approximately € 83, 78, or 73 m higher at 
import rates of 0, 10, or 20%, respectively.

• As a result of the increase in GRP over the time period, from 2002 to 2015, an increase in 
employment of 590, 520, or 460 persons can be observed at import rates of 0, 10, or 20%, 
respectively. 60% of the additional employees originate from the construction sector.

• As a result of the increase in employment, there is an increase of the gross income and thus 
private consumption, which generate positive effects on the economy. Investments into 
flood protection, as well as the increase of private consumption of households between € 
25 and 26 m a year (depending on the import quota) as a result of the induced effects of the 
investment impulses, are the cause for this development.

• The outflow of value added caused by imports of foreign materials or technologies is su-
perimposed and thus weakened by the increase in exports as a result of the positive devel-
opment of the economy.

• Higher import quotas cause a smaller amount of the investments being effective on the 
value added and the rate of employment in Upper Austria.
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Abstract

Flood is a hazard with increasing number of events and damages in all parts of the worlds. 
Many studies and researches have been conducted in understanding the causes of flood, 
effects and finding solutions to reduce its occurrences. Most of the solutions proposed 
have failed in the light of changing climate, river morphology and human modifications 
of watersheds in the world. In this regard, this research adapted geodesign as a flood 
reduction technique in stimulating flood risk within the Ankobra lower basin. Geodesign 
framework by Steinitz was adopted where various physical characteristics of the study 
area were remodelled. The results indicated that increasing building foundation above 88 
m reduced flood risk. Also, further simulations by increasing drainage and connectivity 
reduced flood area size of extreme flood risk zone and high risk zones.

Keywords: geodesign, spatial multi-criteria evaluation, flood risk

1. Introduction

Man’s life through centuries has been engulfed within diverse risk. Manifestation of these 
risks to reality is term disaster and it brings untold hardship. Flood-related disasters are one 
of the oldest disasters experienced by man since the dawn of time. A translation of cuneiform 
symbols of the Weld-Blundell Prism shows that flood occurrences go way back in antiquity 
during the Sumerian civilisation with both negative and positive effects [1]. In modern times, 
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flood disasters are increasing with huge tolls on people and governments. Flood disasters are 
working against the attainment of Sustainable Development Goals as destructions levels are 
increasing human insecurity and poverty levels. According to the International Strategy for 
Disaster Reduction [2], there has been an increase in flood disasters with over 3455 reported 
cases between 1980 and 2011. Increase in flood disasters have puts over 24 million people and 
an estimated $2203.97 billion worth of assets at risk in the world [3]. In Ghana, it is estimated 
that floods have affected over 4 million people and brought about damages to the tune of US$ 
78 hundred million between 1990 and 2014 [4].

Based on the destructive effects of flood, greater attention has been devoted to studying the 
causes and finding possible solutions to flood. Diverse research has been able to document 
numerous causes of flooding for all terrains in the world. But, solutions for curbing the 
occurrences and effects of flood have been limiting. Most proposed flood solutions have been 
inadequate in reducing risk to flood because of changing nature of river flow characteristics, 
climate change and rapid land cover/use changes [5]. Structural (building dykes, floodwalls 
and widening river channels) and non-structural (land use planning and flood warning sys-
tems) flood control measures are failing [6]. In the Ankobra Basin, numerous measures have 
been adopted by local and disaster managements to prevent flood and reduce its impact. 
These measures over the decades have ranged from dredging the Ankobra river bed, creat-
ing new drains, retrofitting of buildings. All these measures have succumbed to increasing 
flood intensity. This problem is not peculiar to the study area, but rather an emerging trend 
in the world. In 2005, over 80% of New Orleans was submerged in flood waters as dykes and 
flood walls were unable to flood waters from the Hurricane Katrina [7]. Also, comprehensive 
land use plan and dykes were unable to shield the Hague-Netherlands in 2012 from inunda-
tion [8]. The inadequacy of current flood control techniques calls for newer techniques [9].

Geodesign is a new intervention that can help in the fight of reducing flood events and 
decrease risk levels. This is mainly because it gives planners and disaster managers the ability 
to stimulate risk and disaster variables to ascertain which variable when changed can have 
the optimal effect on reducing flood risk. Also with geodesign, geospatial technicians have the 
capability to control and manage floods by undertaking numerous flow stimulations to ensure 
that drains maximise flow of flood waters [10]. Geodesign combines the age-old practice of 
planning, designing, implementing and evaluating changes to our built and physical environ-
ment with modern tools, including digital databases and representational and analysis soft-
ware tools [11]. Implementing geodesign can ensure a win-win situation for both man and the 
natural environment by taking into consideration the full spectrum of the earth’s life support 
including everything that lies below, on and above the surface system [12].

The potential of geodesign has been tested by some planners and disaster managers since 
its inception in 2010. Planners in Asheville and Cap Cod (United States of America), Sabah 
Al-Salem (Kuwait) and Bodegraven (Netherlands) have been able to redesign their landscapes 
using geodesign concepts. The results have been a remarkable decrease in flood occurrences 
and a friendly coexistence of man and nature (flood) [13]. It is based on these success stories 
that this study seek to assess the ability of geodesign as a flood reduction technique in the 
Southern Basin of Ankobra.
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2. Literature on geodesign

In reducing flood risk, most measures have centred on storage dams, barriers, land use 
plans, flood proofing of buildings, land reclamation and flood forecasting and warning [14]. 
McMillan and Brasington [5] assert that these measures are inadequate considering the con-
stant changes in river dynamics and climate. As such, there is a need for new approaches to 
solve flood issues [9]. Geodesign is a new approach, which is gaining momentum in the field 
of geospatial technology with capabilities to solve complex environmental issues by finding 
the right balance between settlements and nature [11]. The use of the concept of geodesign is 
within the context that spatiotemporal (geographic) dynamics of events conditions what and 
how we design to tweak and adapt to our environment [12]. The effectiveness of any form 
of geodesign is conditioned on having sufficient knowledge of the relevant spatio-temporal 
characteristics of the area under study.

Geodesign originates from the merging of two words geography (geo) and design [15]. Mathur 
[16] states that geodesign is the intersection of geography and design. Flaxman [17] defined 
geodesign as a design and planning method, which combines the creation of design propos-
als with impact simulations informed by geographic contexts. Impact simulation abilities of 
geodesign are what most flood reduction measures lack. But geodesign helps in averting these 
problems by envisioning possible future scenarios with predictive alternatives whose conse-
quence can be evaluated before implementation [18]. Geodesign is an interventionist approach 
in contrast to the more detached and dispassionate approaches [19].

Geodesign made the world stage in 2010 at the ESRI conferences. As a new field, various prac-
titioners have diverse concepts about what geodesign is or should be. Others have even criti-
cised the concept of being and old age technique of multi-criteria evaluation, as such it is not a 
new concept. But, Carl Stenitz, a pioneer and advocate of geodesign, developed a framework, 
which reduces the arguments around the concept. In Stenitz framework, geodesign involves 
specific actions or activities (Figure 1).

According to Steinitz [15], the assessment phase deals with the modelling of the environment, 
understanding it and the assessing of the elements in the environment, whereas the interven-
tion phase looks at changing the modelled environment, analysing its impact and making a 
decision. By this, you sketch an idea, find out its implications, make adjustments and try again 
until a suitable alternative is achieved [20].

2.1. Geodesign as a structural and non-structural measure

Practitioners in the field of geographic information systems have been able to use geodesign 
to solve diverse environmental problems since it provides an excellent concept for proposing 
change to the geographical area [11]. Geodesign can be used as structural or non-structural 
measure in flood risk reduction. This is mainly because some disaster managers concern 
themselves on modifying only the physical characteristics of a landscape. But others rather 
introduce new physical elements into a landscape when alteration of already elements is not 
sufficient to solve flood occurrence.
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In 2008, geodesign was employed by the town Charleville, Queensland in Australia to help 
reduce flood risk [21]. Geodesigners were able to remodel the town’s landscape and the impact 
of their new model which informed them to construct a 375 m of geodesign pallet barrier serv-
ing as a flood defence wall. Since the flood defence wall was constructed in January 28, the 
town has been safe from spillages coming from Waitaki River. In February 2004, River Severn 
caused havoc when torrential rain raised its level in Ironbridge town, United Kingdom. In less 
than 5 hours, a 550 m geodesign steel barrier, which was 1.8 m high, was erected by the United 
Kingdom Environment Agency along the Wharfage in Ironbridge Gorge. Geodesign barriers 
have a standard protection height of 0.65, 1.25 and 1.8 m with the ability to interlock, making it 
easy to superimpose them to increase their height as against flood walls that are static [21]. Also, 
geodesign barriers were constructed in the River Calder at Hebden Bridge, West Yorkshire, 
United Kingdom. This diverts water from an old riverside wall reducing and preventing flood-
ing. These examples show the ability of geodesign to aid conventional structural flood reduc-
tion approaches.

Figure 1. Geodesign framework. Source: Steinitz [15].
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As a non-structural measure was employed in Cape Cod, Massachusetts in the United States 
of America, when the town threatened by sea level rise and coastal flood [22]. Through 
alternative scenarios modelling, Snyder and Lally [22] were able to find zones fit for human 
developments free from coastal and sea level rise in the future. China, a country with flood 
problems costing billions of dollars yearly have resorted to geodesign by remodelling its 
urban landscape ecologically to help reduce flood. Mainly because the cost to be incurred 
from geodesign simulations will be lower than normal structural measures [23].

Geodesign flood reduction strategy has challenges like any other intervention. Field experi-
ence shows that when geodesign steels are not firmly installed and the plates properly locked 
high pressure waters can topple over them [24]. On non-structural usage, Ervin [25] argues 
that there are some ethical issues, which will emerge in the future about geodesign since it 
does not have a set of ethics.

3. Methodology

The Ankobra coastal estuary lies within 4054'55''N and 2017'44''W to the upper left, 4054'55''N 
and 2015'58''W to upper right, 4053'41''N and 2015'58''N to lower right and 4053'41''N and 
2017'44''W to the lower left. The study area is drained by the Ankobra River, which increases 
the areas vulnerability to flooding during rainy season (Figure 2). Rainfall in the zone is mostly 
in the ranges of 1500–2000 mm [26]. The area is relatively flat with most part well below 10 
m above sea level. There are about 4069 people living within the estuary [27] who are mostly 
affected during flood.

Figure 2. Map of study area.
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3.1. Data processing and analysis

The flood risk map was used as the basis for remodelling the landscape to reduce flood risk 
in the study area. The intervention phase of [15], geodesign framework was adopted. The first 
part of the intervention phase of geodesign deals with change models. Steinitz [15] explains 
that change models require remodelling of the landscape. That is, the geodesigner changes 
some or social features, which have contributed to improper functioning of a zone. In meet-
ing this requirement, some landscape features in the Ankobra estuary had to be changed or 
remodelled. The first change model of the geodesign undertaken was increasing the founda-
tion heights of buildings in the study area above the worst flood depth experienced in the 
communities. The second stage of geodesign model was also undertaken by remodeling flow 
channels (direction, length) of drains. In this regard, a hydrological model was run for the 
Ankobra estuary from the digital elevation model. The hydrological model tool in ArcMap 
10.1 ESRI software was used.

The processes for generating the hydrological model were checking for sinks in the elevation 
data, filling these sinks and running a flow direction function as well as a flow accumulation 
function. Finally, the hydrological tool (flow accumulation algorithm) was run to determine 
where runoffs are likely to move downslope in the Ankobra estuary. This helped in generat-
ing a drainage network of the Ankobra estuary. The drainage network of the landscape, the 
researcher remodelled some part of the land use in Ankobra estuary, channelling away from 
the communities the excess water, which mostly causes floods. After the remodelling or the 
change model process, the impact model stage was reached. This stage ascertained whether 
the landscape model of the estuary designed has the ability to reduce risk.

4. Results and discussions

In an effort to reduce the flood risk in the area, the research adopted the interventionist part 
of the geodesign concept. Steinitz [15] explains that change model is the first stage of the 
intervention phase of geodesign, which deals with remodelling the landscape. That is the 
geodesigner changes or modifies some physical features, which have contributed to improper 
functioning of an area. In this regard, the drainage and building foundations were remodeled 
to ascertain their impact on risk levels (Figure 3). Risk levels for [28] analysis were extreme: 
46,725 m2, high: 701,525 m2, moderate: 248,150 m2 and low: 9,167,758 m2.

This function of change model is the hallmark of geodesign. The first model element 
changed for evaluation was the foundation parameters of buildings in the Ankobra estu-
ary. This is because risk is an interplay of a hazard and vulnerable elements together with 
their coping capacity as indicated by Bollin et al. [29]. The researcher considered a “what if” 
scenario such as what will be the outcome (risk) if all buildings were above the worst flood 
risk depth in the estuary, that is 88.39 cm for Sanwoma and 121 cm for Asanta. Because all 
buildings in the Ankobra estuary were below the flood depth. Nevertheless, if the build-
ings were constructed above a flood depth, then flood risk levels might differ. Evidence of 
this is seen in Nzulezu where houses are less risky to floods due to their construction above 
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the Amansuri water and wetland. Based on this, the researcher held all the variables of risk 
constant and changed the building foundation height of structures in the area. The second 
part of the geodesign interventionist phase (impact model) was then considered as it looks 
at assessing the effect of the change model. The spatial criteria evaluation (processes, prob-
lem definition, standardisation, weighting and slicing were considered) was therefore used 
to run the impact again. The output is depicted in Figure 4.

Extreme risk zone completely diminished to zero when compared with the original flood risk 
map, the high risk zone decreased by 53.27%, moderate risk zone gained by 169.42% and low 
risk remained the same. The changes in the new flood risk as against the original (flood risk) 
can be attributed to the fact that a building foundation above flood depth will prevent flood 
waters causing direct damages to buildings and their contents. This will have an enormous 
effect on physical vulnerability and therefore reduce flood risk areas.

A second change model undertaken was remodelling of the flow channel in the Ankobra 
estuary. The flow channels were identified as one of the factors causing floods in the study 
area. In Asanta community, the main cause of flood is blockage of excess rain water by the 
Axim-Elubo road, hence no proper drainage to carry excess run-off. In Sanwoma, a stream 
west of the community mostly causes floods as there are no flow outlets which would divert 
the water from the community. It was, therefore, important to generate flow channels in the 
study area (Figure 5) to know how they interconnect.

The result showed improper functioning of the water flow system in the Ankobra estuary, the 
flow in Asanta and Sanwoma. As such, the flow channels were modelled again by adjusting 
the land use and introducing a water outflow channel to connect the channels which were not 

Figure 3. Flood risk of the Ankobra estuary. Source: Osman et al. [28].

Geodesign a Tool for Redefining Flood Risk Disaster in Developing Countries: A Case Study...
http://dx.doi.org/10.5772/intechopen.68782

99



linked and also to channel water from the settlements to the sea. In Sanwoma, a channel was 
constructed to link the Ankobra River to the stream west of the community, which sometimes 
causes flood during the rainy season. The length of the newly modelled channel was 98.23 
m from the stream to the Ankobra River. Also an artificially closed lagoon was constructed 
to serve as the drain point for the two channels joined at the south west of Sanwoma. This is 
because a closed lagoon will prevent direct contact between the sea (waves and surges) and 
the channel water which can lead to flooding. The area of the closed lagoon modelled was 

Figure 4. Flood risk reduced map after foundation parameters were increased above the worst flood depths.

Figure 5. Flow channel of Ankobra estuary generated from DEM.
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1347.85 m2 with a depth of 242 twice the depth of the worst flood in Asanta. Figure 5 shows 
the new modelled landscape with the channel. In Asanta, the main cause of flood is blockage 
of rain water by the Axim-Elubo road. In order to solve the problem, the researcher created a 
new channel within the community (Figure 6) from the northern part of the community to the 
southern part of the community. The length of the new channel in Asanta is 103.24 m.

The second stage of the intervention phase of geodesign was again employed where the new 
landscape was fed into the spatial multi-criteria evaluation to ascertain its impact. The impact 
assessment of the newly modelled landscape shows a new flood risk map with flood levels 
reduced (Figure 7).

The new flood risk zones from the remodelled landscape and drainage were high, moderate 
and low risk zones without extreme risk zones. Also, the area covered by these flood risk levels 
changed, the low risk zone remained the same in area size and moderate risk zone increased 
while high and extreme risk zones decreased. Table 1 shows differences in area sizes of the 
risk levels before and after the geodesign application. The extreme flood risk area diminished 
from 46,725 m2 to zero (0), whereas the high risk zone decreased by 72.23%. The moderate risk 
zone also gained 223.03%, whereas the low risk zone remained the same. In the outputs of the 
first change model (foundation) and this new change model (remodelled landscape and drain-
age system), the low risk zones remained the same because the researcher did not apply the 
interventions in these areas as they were already safe from flood risk.

It can be concluded that the impact assessment of the change models (foundations parameters 
and remodelled landscape and drainage) reduced flood risk levels in all the various risk levels. 
But as Fisher [18] remarks, after the last part of geodesign is the decision making stage where 
whether the impact was desirable and should be accepted or rejected by the geodesigner 

Figure 6. Remodelled landscape and the new channels.
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is determined. Taking into account the two results (statistics of flood risk reduced map) in 
Tables 1 and 2, the researcher decided to adopt the results (flood reduced map) of the remod-
elled landscape and drainage system as the best intervention compared with remodelled 
foundation of buildings for the estuary since the flood risk reduction map from the change 
of building heights still had some wards in high-risk zones. Another reason for this decision 
is that it would be easier to create channels in the estuary since those areas where the chan-
nels to be created are not developed. Also, unlike the first change model (change of building 

Flood risk levels Area of flood 
risk levels before 
geodesign (m2)

Area of flood risk 
levels after changed 
foundation parameter 
(m2)

Differences (m2) Percentage change

Extreme 46,725 - −46,725 −100

High 701,525 327,818 −373,707 −53.27

Moderate 248,150 668,582 +420,432 169.42

Low 9,167,758 9,167,758 - -

Total 10,164,158 10,164,158

Source: Osman et al. [28].

Table 1. Flood risk levels after change in foundation parameters.

Figure 7. Flood risk reduced map after remodelled landscape and drainage.
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is that it would be easier to create channels in the estuary since those areas where the chan-
nels to be created are not developed. Also, unlike the first change model (change of building 

Flood risk levels Area of flood 
risk levels before 
geodesign (m2)

Area of flood risk 
levels after changed 
foundation parameter 
(m2)

Differences (m2) Percentage change

Extreme 46,725 - −46,725 −100

High 701,525 327,818 −373,707 −53.27

Moderate 248,150 668,582 +420,432 169.42

Low 9,167,758 9,167,758 - -

Total 10,164,158 10,164,158

Source: Osman et al. [28].

Table 1. Flood risk levels after change in foundation parameters.

Figure 7. Flood risk reduced map after remodelled landscape and drainage.
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parameters), physically changing the building foundations laterally will mean demolishing 
buildings for new buildings with higher foundations to be put up. Most of the buildings had 
their foundations in the ground. Furthermore, this activity (physically changing the building 
foundations) will put much financial burden on inhabitants in the Ankobra estuary consid-
ering the fact that their socio-economic vulnerability is high. Analysis and results from the 
geodesign confirm Fisher’s [18] assertion about geodesign capabilities and Dangermond [11] 
believe that geodesign can help men live in harmony with nature.

5. Conclusion and Recommendations

Geodesign is an innovative way of solving modern environmental problems in the face of cli-
mate change. This study adopted geodesign approach in testing its effectiveness as a flood risk 
reduction measure. Data employed were drainage channels, digital elevation model, land use, 
building parameters. Analysis was based on changing parameters of building foundation and 
drainage channels. Results showed, all change models generated better results and were effec-
tive in reducing flood risk levels. The downside of geodesign is where physical developments 
have fully taken place as implementing results might be difficult. In this research, changing 
building foundations provided the best option to reducing flood risk. However, buildings are 
structural entities which will be difficult to change in the shortest time to get the results of the 
model. The study recommends that planners should be made to adopt geodesign frameworks 
and models before developing physical plans. This is to give them a better understanding of 
the likely effects of their plans. It will also help in integrating disaster management into their 
physical plans to make our communities less risky to flood and other hazards.
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Flood risk levels Area of flood risk level 
before geodesign (m2)

Area of flood risk level 
after geodesign (m2)

Differences (m2) Percentage 
change

Extreme 46,725 - −46,725 −100.00

High 701,525 194,788 −506,739 −72.30

Moderate 248,150 801,614 +2,927,044 223.03

Low 9,167,758 9,167,758 - -

Total 10,164,158 10,164,158

Table 2. Flood risk levels after change in drainage channels.
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Abstract

Australia is a very vulnerable region to flood events, and the frequency of flood events and 
damage has increased dramatically over the past decades. Although flood has impacted 
diverse types of buildings and built infrastructure, there has been limited research inves-
tigating flood risk management specific to transport infrastructure in Australia and the 
factors that might influence the resilience of the transport infrastructure to flooding. To 
develop an appropriate design management system for roads and bridges specific to risk 
assessment from flooding requires a multitude of factors to be identified and analyzed. 
In this study, we review the range of critical factors necessary to represent the resilience 
of bridges to extreme flood events and demonstrate a novel mathematical approach to 
evaluate the relationship between the bridge resilience and flood risk. We use additive 
statistical approach in arriving at a framework to evaluate the resilience of bridges. The 
findings confirm that metrological characteristics such as annual exceedance probability 
and probable maximum precipitation and structural integrity of the bridge represented 
by the structural age of the bridge and mechanical properties of the soils have a sub-
stantial impact on the resilience of the Australian transport infrastructure, particularly 
bridges located on main roads.

Keywords: resilient, risk, flood, transport infrastructure

1. Introduction

Like most countries, Australia is hugely susceptible to flood damage. The frequency of extreme 
flood events in Australia has increased dramatically over the recent years, and the economic 
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loss associated with individual flood events has also increased [1]. For example, in 2010/2011, 
floods in Queensland, Australia, had a devastating impact on almost 10,000 km of road net-
work and 5000 km of rail network, and severely damaged around 100 significant bridges 
and culverts, 400 schools, and 150 national parks [2]. In 2013, a localized flood near Brisbane, 
Australia, damaged 43 of the total 46 bridges in that location. On average, Australia will expe-
rience a roughly 300-fold increase in flooding events by 2100, meaning that infrastructure that 
is presently flooded once in 100 years will be flooded several times per year with a modest 
prediction of sea level rise (50 cm) [3]. There has been limited research investigating flood 
damage and flood risk management specific to infrastructure in Australia [4, 5]. However, 
previous research has tended to focus on building damage, and there has been no previous 
consideration of flood impact on Australian transport infrastructure and/or the factors that 
might influence the resilience of the transport infrastructure to flooding [6]. Transport and 
associated infrastructure such as roads, railways, bridges, warehouses, airports, ports, and 
tunnels are often exposed to the risk of direct damage from climate events. Transport infra-
structure also has a vital role before, during, and after extreme weather events to reduce the 
vulnerability of the community more generally. Transport infrastructure vulnerability will 
vary by region, location, elevation, and the underlying condition of the infrastructure [7].

Elevated ocean levels can increase flood levels in the lower reaches of rivers, either by prevent-
ing floodwaters from discharging into the ocean or by filling up low-lying land and estuarine 
flood storage areas before the river flooding arrives. River flooding in the vast flat areas may 
last for one or more weeks, or even months on some occasions in some regions in Australia and 
can lead to extensive damage to rural towns, rural and urban roads, and rail networks [8]. In 
Australia, low-lying coastal areas can be inundated by storm surges, usually caused by tropical 
cyclones. Overflow of drainage systems in populated urban areas can also be a major problem.

The performance of transportation networks is critical for the economy and society. Maintaining 
structural reliability and functionality of the network under extreme hazard effects is therefore 
a key consideration. In any transport network, bridges and culverts are often the most vulner-
able elements because of their propensity for catastrophic collapse [3, 7]. The potential eco-
nomic and social disruptions due to the loss of or damage to transport infrastructure bridges 
are hugely significant. The possible adverse effects of increased flooding on bridges range 
from potential catastrophic structural collapse to increased frequency of maintenance required 
to ensure a minimum level of service [9]. Given that the most common form of flooding in 
Australia is river flooding [10] and most bridges in Australia are constructed over the rivers, it 
is essential to identify bridges that may be vulnerable to flood events in order to mitigate the 
risks associated with extreme weather events most effectively.

Effective flood risk management is aimed at increasing the resilience of transport infrastruc-
ture, but needs to balance the costs of mitigation against the benefits offered by increased 
resilience. Each situation and the specific community values will vary. In a general case, regu-
lar account might be taken of the following flood risk management measures for bridges:

1. The potential for and impact of ground liquefaction around bridges.

2. The slope and stability of associated riverbanks.
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3. The structural performance of the bridge itself in standard risk evaluation terms.

4. A benchmark classification of failure probability across high, medium, or low probabilities.

5. A common rating measure applied to each bridge that combines several key factors to as-
sess the vulnerability of the particular bridge structure.

Having an efficient and effective measure for the resilience of individual bridges is important 
to transport authorities, local councils, and emergency services. Efficiency in terms of data 
collection and calculation is important because there are a large number of bridges, in contin-
uously varying circumstances, which require constant evaluation and reevaluation in normal 
service, the aftermath of an event, a near miss, and even following an event elsewhere that 
impacted a similar bridge. Nowhere is the need for an efficient and effective measure of resil-
ience more pronounced than in the design and design management guidelines for bridges.

To develop or inform an appropriate design management system for bridges specific to risk 
assessment from natural hazards such as flooding requires a multitude of factors to be identified 
and analyzed. A recent analysis of the current design standards for bridges highlighted short-
comings specific to the resilience of bridges [11]. However, the more factors considered in design 
models, the greater the complexity of the design models are and the less practical the guidelines 
are in interpreting the resilience [12]. A bridge subject to an extreme flood event can be damaged 
in many different ways. For example, where the structure of a bridge is completely inundated 
during a flood, the damage to the bridge depends on the length of time it is submerged.

In large part, due to the potential complexities associated with evaluating the resilience and 
flood risk of a bridge, mathematical evaluation of bridge designs is missing from previous 
research. In this study, we review the range of critical factors necessary to represent the resil-
ience of bridges to extreme flood events and demonstrate a novel mathematical approach to 
evaluate the relationship between the bridge resilience and flood risk.

2. Critical factors for bridge resilience and flood risk

Bridges are designed to provide an extended period of service and be resilient to particular 
extreme weather events. There are many and varied factors taken into account in the design of 
a bridge, including structural system, loading, resistance, exposure, natural environment, soil 
characteristics, planned maintenance, inspection regime, economic considerations, and vari-
ous deficiency functions (load capacity, vertical clearance, deck width, etc.) [13]. However, 
the condition and performance of a bridge will vary over time in response to various environ-
mental changes, actual maintenance practice, and changes in the quantity and magnitude of 
actual loads applied [12].

According to the Intergovernmental Panel on Climate Change (IPCC), a flood is “the over-
flowing of the normal confines of the stream or other body of water, or the accumulation of 
water over areas that are not normally submerged” [3]. Floods occur more often than many 
other types of natural disasters [14] and are generally regarded as the most catastrophic and 
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lethal of all natural disaster types [15]. During the past century, floods have killed something 
in the order of 8 million people, globally [16]. Approximately 800 million people currently 
live in flood-prone areas across the world, and almost 10% of those are exposed to floods on 
average each year [17, 18].

Not all floods are of equal consequence. Leroy [19] states that time, area, and socioeconomic 
characteristics tend to amplify the impact of natural disasters. Ho et al. [20] show that the 
type of natural disaster is a good predictor of the scale of damage likely to be incurred as a 
direct consequence. Merz et al. [21] propose that flood type, the flood-generating process, the 
region or zone, and frequency are the most important characteristics to consider in predict-
ing the impact of a flood disaster. A comprehensive literature review on flood characteristics 
and their relationships with flood damage undertaken by Middelmann-Fernandes [22] found 
that various parameters contribute to bridge damage: the depth of water, flow velocity, dura-
tion of inundation, contamination, sediment or debris load, and the age and materials of the 
bridge itself. A number of studies have also found that flood type, severity, and frequency are 
the three most useful predictors of the damage caused by flooding [3, 23, 24].

The management of flood risk reduction and flood disaster management bring further factors 
into consideration [25]:

• The behavior of the flood itself, including the immediate dangers and potential damage 
caused.

• The broad cost of flooding borne by the community.

• The projected use of the land in the future and possible lost opportunities due to potential 
for flooding.

• The environmental needs and impact of the source river and related floodplain areas.

• The environmental and cultural impact of mitigation measures.

This expanding scope of factors to consider around flood risk management renders the prob-
lem as a massively multidisciplinary issue. It involves high level of skills in planning, engi-
neering, the social and environmental sciences, economics, and emergency management.

In addition to the breadth of skills required, flood risks vary depending on the temporal per-
spective taken. Perspectives change from a focus on existing risks, to ongoing risks, and future 
risks. For example, existing risks deal more specifically with the management of flood dam-
age to maintain or return the community, properties, and infrastructure as it currently exists. 
Future risks deal with the potential for damage to areas not yet, but in the future possibly, 
developed to become of economic, social, or environmental significance. Ongoing risks target 
the potential local impact of generally external flood risks, where floods elsewhere might 
overwhelm the local infrastructure.

Flood types themselves can also vary. Risks are different where the cause of the flooding is a 
river blockage (fluvial), excess rainwater (pluvial), coastal inundation, lake blockage, sewer 
overflow, sudden downpour (flash flood), and/or storm-water drainage (urban floods). In 
Australia, the most common form of flooding is along rivers after heavy and/or prolonged 
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rainfall [8]. Jonkman and Kelman [26] showed that flood damage in the United States is high-
est in areas near rivers, particularly in areas with deep water rivers or rivers at lower eleva-
tions. Nicholls and Tol [27] noted that the annual mean and probable maximum rainfall is 
other important flood characteristic to predict the potential flood damage to roads and bridge 
structures. However, there is strong evidence that the greater the resilience of an individual 
bridge or road, the lower the likely economic damage caused by floods, and that the benefits 
of resilience can be dramatic [5].

Godschalk [28] defined resilience as “the ultimate objective of hazard mitigation, that is, 
action taken to reduce or eliminate long-term risk to people and property from hazards and 
their effects.” Other scholars have adopted and adapted this definition differently across dif-
ferent disciplines and currently there is no generally accepted definition. For example, Levina 
and Tirpak [29] proposed two key aspects for resilience: the ability of a system to withstand 
a disturbance without changing, implying that no damage is done; and the ability of the sys-
tem to recover when damage has occurred. Further, Maguire and Cartwright [30] articulated 
three views of resilience: resilience as stability and resistance to change; resilience as recovery 
following change and return to the previous stable state; and resilience as transformation to 
a new and different stable state following change. Recently, Manyena et al. [31] defined resil-
ience as the “intrinsic capacity of a system, community or society predisposed to a shock or 
stress to bounce forward and adapt in order to survive by changing its nonessential attributes 
and rebuilding itself,” and again, Mojtahedi et al. [5] defined resilience as the risk reduction 
practices undertaken before potential disasters both to minimize the probability of the disas-
ter occurring in the first place, as well as to enable repair and replacement during and after 
disasters to result in improved facilities over time. Finally, it is important to note that the con-
cept of resilience is broader than natural disasters. Resilience also encompasses the capacity 
of public, private, and civic sectors to resist disruption, absorb disturbance, act effectively in a 
crisis, adapt to changing conditions and grow over time [32].

Park et al. [33] summarized the key challenges facing a more coherent and robust approach to 
resilience and risk management in the design of infrastructure which are as follows:

• A lack of comprehensive data and forecasting uncertainty both promote a focus on those 
aspects of risk where data does exist and the hazards are better known. As a result, very 
significant risk factors are ignored or discounted and the resulting risk assessment can be 
severely misleading.

• Current infrastructure design is based on the prevailing building codes and regulations. 
These codes develop and evolve slowly over time. The codes can fail to incorporate signifi-
cant emergent hazards or respond effectively to new lessons from disaster events. This lag 
has resulted in the incremental evolution of design, rather than supporting more innova-
tive design responses.

• The many and varied design challenges that do arise are treated as individual problems to 
be resolved, rather than conditions to be managed more holistically and proactively. The 
broad-ranging and multifaceted nature of infrastructure design warrants a comprehensive 
approach, but this is in direct conflict with the needs of a pragmatic decision-making pro-
cess that is flexible and responsive.
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The framework set out in this study will not establish parameters for detailed engineering 
design, but it will address some of the challenges outlined above. Most particularly, the 
framework will develop an approach to the evaluation of resilience that is flexible and respon-
sive to the different situations and circumstances in which risk-assessment decisions must be 
made. The additive statistical method it demonstrates is a novel approach to risk assessment 
more generally, but is especially suited to the complexity of resilience and risk management 
in the design of infrastructure. The study will focus on the resilience of bridges as pivotal 
components in any transport network, but given the increasing frequency and severity of 
extreme weather events, as critical concerns for communities from major cities through to 
remote rural settlements.

3. An additive statistical model

When seeking to analyze a complex problem comprising a range of variables, the common 
approach is to apply a parametric regression method. Parametric regression defines a function 
in which the terms comprise a finite number of unknown parameters derived from numerical 
data on each of the variables of interest. In the context of transport resilience and risk man-
agement, which is highly dependent on the vagaries of individual situations, the variables of 
interest can vary significantly between situations. In such circumstances, regression is better 
defined in nonparametric terms across a set of functions. Originally proposed by Friedman 
and Stuetzle [34], the additive model method offers a robust and simple to interpret approach 
to the effect analysis of multiple variables. The additive model takes the form of a familiar 
regression model, but builds each model from a restricted class of nonparametric regression 
models. Each nonparametric model uses a one-dimensional smoother to generate linear com-
binations of the predictor variables in an iterative fashion.

The additive modeling approach provides distinct advantages over alternative nonparametric 
approaches and is entirely more general than standard stepwise regression procedures [34]. 
The additive model approach results in a regression model, but the relationship between each 
variable and the response is allowed to be flexible and/or linear in nature, as indicated in the 
following formula:

    ∑  
j=1

  
n
    f  j  ( x  j   ) =   ∑  

j=1
  

n
    β  j   ×  x  j        n   (1)

where f(x) represents a linear or nonlinear relationships between phenomena.

Based on Eq. (1), we develop an additive statistical equation for analyzing transport infra-
structure flood specific to bridge risk-based resilience as follows:

  r = α +   ∑  
j=1

  
p
    f  j  ( x  j   ) + ϵ  (2)

r is the resilience of a bridge to a flood event, α is intercept, f(x) is linear or nonlinear function 
between the response and the relevant indicator, and ϵ is the overall error of the model.
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Additive models have the strong properties of linear or nonlinear models in so far as they 
are in a familiar regression form and easy to interpret, but are superior in that they relax 
the assumption of a linear (or known nonlinear) relationship in the data. Thus, the additive 
model approach is not a purely nonparametric method (which is one of the potential limita-
tions of the proposed framework), but does represent an effective compromise between flex-
ibility and simplicity.

To begin to build an additive model the first challenge is to identify the principal components. 
Choice of the principal component is dependent on the range of candidate components and 
the availability of data. Nonparametric regression does require larger sample sizes than para-
metric models because the data must support the development of a model structure as well as 
supply the model estimates. For the purposes of this study, a representative set of four princi-
pal components is used, but the same framework and approach can be applied to an unlimited 
number of principal components where relevant data are available. The principal components 
used in this study of resilient bridges within the context of flood risks are as follows:

x1: likelihood of a flood event represented by the annual exceedance probability (AEP).

x2: scale of a flood event represented by the probable maximum precipitation (PMP).

x3: structural integrity of the bridge represented by the structural age of the bridge.

x4: mechanical properties of the soils.

r: resilience of bridge.

3.1. Annual exceedance probability (AEP)

There are two ways of expressing the likelihood of occurrence of a flood event, annual exceed-
ance probability (AEP) and average recurrence interval (ARI). AEP is the probability of a 
flood of a given or larger size occurring in any one year, usually expressed as a percentage. 
For example, if a peak flood discharge (PFD) of 500 m3/s has an AEP of 5%, it means that there 
is a 5% probability (that is one-in-20 chance) of a 500 m3/s or larger event occurring in any one 
year. ARI is the long-term average number of years between the occurrences of a flood as big 
as or greater than the selected event. For example, floods with a discharge equal to or greater 
than the 20-year ARI flood event will occur on average once every 20 years [25].

AEP is selected in this instance, as the data is readily available in this form. The relationship 
between bridge resilience and AEP is then formulated as follows:

   y  1   =  a  1   × Ln( x  1   ) +  b  1    (3)

where a1 and b1 are the constant factors. Since there is a linear relationship between y1 and (x1), 
the possible linear regression can be determined by the following equations.

   a  1   =   [    
 ∑  i=1  n  ( y  i   −  Y ¯   ) ×   (    (  Ln( x  i   ) )    −  X ¯   )   

  _____________________  
 ∑  i=1  n     (    (  Ln( x  i   ) )    −  X ¯   )     

2
 
   ]     (4)
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Intercept   b  
1
     =    Y ¯¯   −  a  

1
   ×  X ¯¯   , where    Y ¯¯    is the mean value of flood risk-based resilience in different 

cases, and   X ¯¯    is the mean value of the AEP in different cases. Hence,

   Y ¯¯   =   [    
 ∑  i=1  n    y  i   _ n   ]    and  X ¯¯   =   [    

 ∑  i=1  n   Ln( x  i   ) _ n   ]     (5)

3.2. Probable maximum precipitation (PMP)

World Meteorological Organization defined probable maximum precipitation (PMP) as “…the 
theoretical maximum precipitation for a given duration under modern meteorological condi-
tions.” PMP is specific to a given storm area at a particular location at a particular time of the 
year, with no allowance made for long-term climatic trends. The relationship between the flood 
risk-based resilience and PMP can be established by the following equation:

   y  2   =  a  2   × Ln( x  2   ) + b  2    (6)

where a2 and b2 are the constant factors. Since there is a linear relationship between y2 and (x2), 
the possible linear regression can be determined by the following equations:

   a  2   =   [    
 ∑  i=1  n  ( y  i   −  Y ¯   )     (    (  Ln( x  i   ) )    −  X ¯   )   

  ____________________  
 ∑  i=1  n     (    (  Ln( x  i   ) )    −  X ¯   )     

2
 
   ]     (7)
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   ×  X ¯¯   , where    Y ¯¯    is the mean value of flood risk-based resilience in different 

cases, and   X ¯¯    is the mean value of the PMP in different cases. Hence,

   Y ¯¯   =   [    
 ∑  i=1  n    y  i   _ n   ]   and  X ¯¯   =   [    

 ∑  i=1  n   Ln( x  i   ) _ n   ]     (8)

3.3. Structural age of the bridge

The structural integrity of a bridge is an obvious and critical consideration in any risk assess-
ment. Structural integrity is directly influenced by the age of the structure, but the influence 
is different for different construction materials. Given the rich mix of materials used in bridge 
construction in Australia, and especially the preponderance of heritage bridges, a mathemati-
cal relationship between bridge structure age and the resilience of the bridge against flood-
ing is developed. The structural age of a bridge depends heavily on the structural materials 
used. A range of materials and combinations of material are possible. For the purposes of this 
framework, the materials to be considered include brick, mortar, and cast iron.

3.3.1. Brick

One of the first tasks undertaken by the first European settlement in Australia was to search 
for suitable clay for brick manufacture. This was quickly found in an area that has become 
the southern sector of Sydney’s central business district. This was in production for about 
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50 years until urban growth, and diminishing deposits meant that alternative sources had to 
be discovered. There is some irony in that these areas, which provided such large quantities 
of building material, were also those where seasonal swelling and shrinkage of foundation 
soils were to cause damage to low-rise buildings. One of the early problems was in attaining 
a sufficiently high temperature in the kilns in these early stages of the industry. It is clear that 
a range of quality of brick was produced and a careful inspection process would then select 
the best ones for higher-level work.

3.3.2. Mortar

Engineers’ customarily first think of mortar as the component of structural concrete other 
than the coarse aggregate. This uses Portland cement, but the use of this type of cement mor-
tar for the repair of heritage structures has frequently proved to be disastrous. One reason 
is that the low permeability of this type of mortar does not allow extrusion of fluid build-up 
within the main structural components, whether they are brick or stone. This means that 
there is a deterioration of these components even before the mortar, which is intended to be 
regarded as expendable and replaceable in a much shorter life span. In order to eliminate this 
problem, it is necessary to revert to the once-popular use of lime-based mortar—or partly 
so—which has a greater porosity, especially if the proportion of sand is much higher than is 
usual for concrete. One dictum is to aim for a permeability of mortar that matches that of the 
bricks. Another attribute of lime mortar is that is more elastic than Portland cement mortar 
which means that, under various types of stress, the mortar will yield rather than the greater 
strength of Portland cement mortar causing the main material to fracture, if weaker.

3.3.3. Cast iron

The use of blast furnaces in the reduction of iron oxides to some form of usable iron results in 
pig iron. This metal has a carbon content range of from 2.7 to 4.0%, but includes a large pro-
portion of impurities. Such a material would have been of practical use in those early societies 
capable of its production, but the arrival of the industrial age demanded a more refined and 
consistent product. A standard method of bringing this about was by a more cautious process 
of reheating in a “cupola” furnace. This resulted in iron with carbon content in the middle 
of the above range, but still retaining useful quantities of silicon and manganese. Tests have 
been carried out on cast iron used in the joint connection units in New South Wales (NSW) 
timber truss bridges of 100 years ago. The carbon content varied from 3.0 to 3.3% with the 
former material having the slightly greater strength. This traditional material is referred to as 
“gray” cast iron in order to distinguish it from later types with improved properties. It should 
be pointed out that variants of gray iron are still widely used in industry although much less 
in civil engineering as primary components. Gray cast iron has a compressive strength in the 
range of 600–700 MPa. Its other main characteristic, however, is that its tensile strength is only 
about one-fifth of the compressive strength. What this means is that manipulation of the sec-
ond moment of area of an “I” section in the interests of the economy produces a grotesquely 
large tension flange both in width and in thickness. As well as being a quick identifier of the 
material used, this section characteristic can be put to good use in that the extra-wide bottom 
flanges, as in the case of floor joists, can be used as the springing for shallow brick arches 
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between adjacent joists, thereby providing a floor support structure (“jack arches”). While 
gray cast iron has an excellent resistance to corrosion, it has a disadvantage in its brittleness. 
This made it difficult to cope with the high impact nature of railway loadings as early railway 
engineers discovered: often the hard way. As well as its attempted use in bridges, cast iron 
was even used for short sections of railway track rails, and the high resulting fracture rate at 
least had the result of encouraging the larger scale production of wrought iron and the devel-
opment of rolling mills. The main success of cast iron was in its use of columns, where the 
stress is primarily in compression throughout. There is a consensus against the repair of cast 
iron by orthodox welding technique, but there are proprietary methods available, developed 
from technologies used for machinery castings failures. A hazard sometimes found with cast 
iron is graphitization, often occurring where there is immersion in or contact with salt water 
and where there is a reaction with the carbon streaks within the iron. An example of this took 
place in the 1874 cast iron piers of the Windsor Bridge near Sydney. Although the bridge is a 
long way upriver, the tidal cycle of the Pacific Ocean with reduced outflow below dams has 
gradually increased the saline content.

The following equation would be suggested to evaluate the relationship between the resil-
ience of bridge against flood and bridge structure age. We assume that bridge structure age 
is highly dependent on bridge materials such as brick, mortar, and cast iron. The relationship 
between the flood risk-based resilient and bridge structure age can be established by the fol-
lowing equations:

   y  3   =  a  3   ×  x  3        2  +  b  3   ×  x  3   +  c  3    (9)

where a3, b3, and c3 are the constant factors. The matrix equation for quadratic regression is:
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where n is the number of data points (xi, yi).

3.4. Mechanical properties of the soils

Determination of the mechanical properties of the soil as well as the level of the pore pres-
sure is major aspects in the current statistical simulations. Provided that there are n layers of 
different soils have been reported in the different suggested sites, the simulated values for 
both the horizontal as well as bending stresses in different layers can be calculated by the 
following procedure. It should be noted that a linear strain distribution was assumed across 
the soil section.

The suggested procedure can be used to find a relationship between the collected data and 
the vulnerability of the bridges. It should be interesting to investigate that there is an inverse 
relationship between the mechanical properties of the soils and the damage level [35]. The 
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reasons for this could be due to different construction methods adopted in the past or they had 
been rehabilitated after the previous disaster event. However, these reasons should be further 
scrutinized for confirmation. The resilience of the community depends on the resilience of 
the bridges on rural roads, but most of the bridges are vulnerable to extreme flood events. 
Therefore, when classifying roads for design, it is necessary to consider the impact on the 
community during and after an extreme event [36]. Thus, the relationship between the flood 
risk-based resilient and bridge structure age can be established by the following equation:

   y  3   =  a  4   ×  e    b  4  × x  4    +  c  4   ×  x  4   +  d  4    (11)

where a4, b4, c4, and d4 are the constant factors.

3.5. Resilience of transport infrastructure

Globally, infrastructure is recognized as a critical element for strong economies and stable 
communities and it facilitates society’s daily activities. Infrastructure can be considered to 
include everything from the physical infrastructure of roads, bridges, airports, rail, water sup-
ply, telecommunications and energy services, to the social infrastructure of health care, edu-
cation, banking and finance services, emergency services, and the justice system [32]. Croope 
[37] states “Critical infrastructure not only responds to the needs of society for the smooth 
daily continuation of activities, but also provides the basis on which society exists and relies.” 
Godschalk [28] lists two reasons behind the importance of resilience which are as follows:

1. Because the vulnerability of technological, natural, and social systems cannot be anticipated, 
the capability to accommodate change without catastrophic failure in times of disaster is 
vital.

2. People and property fare better in resilient cities when struck by disasters. Fewer buildings 
collapse, fewer power outages occur, fewer businesses are put at risk, and fewer deaths 
and injuries occur.

Societies have an increasing reliance on transportation networks for their day-to-day activi-
ties. The ability of the transport system to function during adverse conditions and quickly 
recover to acceptable levels of service after an event is fundamental to the wellbeing of people 
within society. Resilience is considered the ultimate objective of hazard mitigation, that is,“ 
action taken to reduce or eliminate long-term risk to people and property from hazards and 
their effects” [28].

Resilience has two main dimensions such as (i) technical and (ii) organizational. Technical 
dimension refers to the ability of the physical system(s) to perform to an acceptable level 
when subject to a hazard event [38]. In this research, we have focused on technical dimension 
of the resilient bridge, and therefore, we have considered four technical factors for resilient 
bridges such as (i) AEP, (ii) bridge structure age, (iii) mechanical properties of the soils, and 
(iv) PMP.
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Some scholars have applied to measure the resilience of transport infrastructure. For example, 
Mojtahedi et al. [5] used Cox’s proportional hazards regression model to determine the rate of 
recovery and cumulative probability that recovery occurs for transport infrastructure across 
regional areas in New South Wales, Australia.

4. Numerical example

4.1. Resilience of a bridge and AEP

We have assumed that the resilience of bridge is dependent on the relationship between peak 
flood discharge (PFD) and annual exceedance probability (AEP). A numerical example can 
be introduced by the following assumed data, provided that there is a possible collected data 
between the PFD (m3/s) versus AEP, which has been presented in Table 1.

Thus, the following equation y1 = a1 × Ln(x1) + b1 can be represented by y1 = 0.045 × Ln(x1) + 
0.0233. Furthermore, based on Figure 1, it can be observed that after reaching to PFD around 
500 (m3/s), the recorded AEP would be converged to 0.3 which can be taken into account as a 
potential critical value.

A same trend to examine the mutual interaction between the PFD versus AEP has been inves-
tigated by using t-test. After normalizing, the respond data, which is the AEP, the t-test val-
ues, and distribution can be presented (Figure 2). The same conclusion can be found that after 
reaching to the PFD 500 (m3/s), the value for the AEP would be a constant value. This can 
show that the resilient respond after the PFD 500 (m3/s) would be slightly different from the 
further increments.

4.2. Resilience of a bridge and PMP

We have assumed that the resilience of bridge is dependent on the relationship between the 
size of storm area and probable maximum perception (PMP). The PMP can be a function of 
a given size storm area at the particular location at the particular time of the year. Provided 
that Table 2 presents the assumed size storm area (km2) versus PMP, thus, the possible math-
ematical relationship can be   y  2   =  a  2   ×  e   − b  2  × x  2    +  c  2   ×  x  2   +  d  2  + .

Thus, we can have   y  
2
   = − 0.00766 ×  e   −0.00288× x  

2
    + 0.000544 ×  x  

2
   + 0.00022 . Based on Figure 3, there is a semi-
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As it can be realized in both Figures 3 and 4, the critical value of the PMP can be observed 
where there is size storm area over 60 (km2). This is a condition where the PMP rate is more 
inclined with a constant rate rather than increasing sharply. Based on the numerical assump-
tion, after size storm area over 60 (km2) might be classified as a possible significant region/
condition.

4.3. Resilience of a bridge and structure age

We have assumed that the resilience of bridge is dependent to the relationship between the 
bridge structure age and bridge collapsing risk. At this stage, some of the critical materi-
als that can perform as a key role on constructing heritage roads/bridges were discussed in 
Section 3.3. This topic is significantly important where some of the heritage link constructions 
might be jeopardized by the induced flood around the NSW.
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Figure 1. Peak flood discharge versus AEP.
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Figure 2. Normalized AEP versus t-test distribution values.
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Table 3 presents a numerical example of the relationship between the collapsing risk response 
and bridge structure age where the presented age is based on the number of decades.

As the time goes by, the risk of the collapsing of the structure increases. This somehow shows 
the risk assessment as a function of time. Figure 5 demonstrates the collapsing risk response 
versus bridge structure age.

The same approach was taken into account to calculate the t-test distribution against the nor-
malized collapsing risk response. Figure 6 illustrates the t-test distribution, where it can be 
found that the collapse mechanism in the simulated bridges can significantly affected after 
40 years where there is a possibility of starting fatigue behavior. The relationship between 
the collapsing risk response and bridge structure age is a quadratic function. The possible 
function can be presented as  0.000788 ×  x   2  + 0.00011 × x + 0.000655 .

4.4. Resilience of a bridge and mechanical properties

We have assumed that the resilience of bridge is dependent to the relationship between the 
strength of the soil (MPa) and bridge safety. Table 4 presents a numerical example of the rela-
tionship between the bridge safety factor and strength of the soil (MPa).

Figure 7 presents the same trend where it can demonstrate strength of the soil versus the risk 
safety factor. As it can be found, the factor of safety is converged by the mean value of the 
strength of the soil and reached to 2 MPa.

Besides, Figure 8 illustrates the normalized factor of safety versus t-test distribution.
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Figure 3. A semilinear relationship between the probable maximum perception (PMP) and the size storm area.

The size storm area 10 20 30 40 50 60 70 80 90 100 110 120

PMP 0.029 0.058 0.086 0.11 0.144 0.173 0.2 0.231 0.26 0.288 0.34 0.432

Table 2. The probable maximum perception (PMP) versus the size storm area.
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Table 3. The Collapsing risk response versus bridge structure age.
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Figure 6. The t-test distribution against the normalized collapsing risk response.
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Figure 7. Strength of the soil versus the risk safety factor.
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4.5. Additive combination of factors for flood risk-based resilient

Provided that there is a mutual interaction relationship between the two particular indicators, 
for example, between x1: AEP and x2: PMP as well as the major response where it would be the 
resilient of bridge, the following equation can be considered to evaluate and determine the 
critical zones,    (    

 x  
1
  
 __ R   )     

m

  +   (    
 x  

2
  
 __ R   )     

n

  =  k  1   , where m, n ≥ 2 and k1 is a constant value.

The same trend can be extended to the interaction between the x3: bridge structure age and 
x4: mechanical properties of the soils as the major indicators and resilient of bridge as the 
response. Thus,       (    
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2
   , where  p, q ≥ 2  and k2 is a constant value. Figures 9 and 10 

present the relevant interactions of the different arrangements explained.

Provided that we assume x2 is more critical than x1, then the nonresilient region would be 
trended to the horizontal access in Figure 9. This condition can be shifted if the assumed 
condition between x1 and x2 is switched. The same assumption can be extended in Figure 10 
where it was assumed that x4 is more critical than x3. The major limitation of the suggested 
model is how to define the critical/noncritical condition in the unknown region where it is 
situated between the resilient and nonresilient regions.

An inclination can be considered to have a combination of all of the indicators (x1, x2, x3, x4) where 
they are interacted with the resilience of the transport infrastructure R as a major response. Thus, 
we can have,    (    
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   , where m, n, p, q ≥ 2 and k1 and k2 are constants.

The suggested interaction diagrams as well as the overall combination of the available indica-
tors can graphically help to determine the resilient and nonresilient (as a critical condition) 
regions in the presented graphs. It can also provide a reliable tool for urban/regional planner 
as well as the major decision makers to make a more reliable outcome schedule/scope for the 
communities. The suggested methods can be significantly improved by having access to the 
different regional/community data. Also, the suggested method should be unbiasedly tested 
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in different councils in order to validate the suggested hypothesis. It can provide a reliable 
tool for urban/regional planers.

5. Conclusions and recommendations

Australia’s transport infrastructure has long been exposed to floods. Some infrastructure is 
no longer fit for purpose, with design standards failing to keep pace with the resilience needs 
of a changing world. In addition, the meteorological factors of the specific region might exac-
erbate the vulnerability of transport infrastructure to flood events. Relationships between 

Figure 9. The interaction between x1 and x2 and R with the different applied powers in m and n.

Figure 10. The interaction between x3 and x4 and R with the different applied powers in p and q.
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meteorological factors and transport infrastructure technical factors have never been con-
ceptualized into integrated mathematical models for analyzing risks and measuring the 
resilience of transport infrastructure to flood events. Here, we used a systems approach to 
identify critical resilience factors for resilience measurement in transport infrastructure in 
Australia. The research methodology in this study covered a systematic literature review, 
mathematical model development, and numerical example conducted by simulation. We 
used additive statistical model for developing risk-based resilient decision-making system to 
predict the resilience of bridges. The additive model allows identifying significant predicting 
variables and their impacts on infrastructure planning and flood risk management. The main 
novelty of this research is to develop risk-based resilient equations, which would be included 
in both linear and nonlinear multiple regression. The equations adopt a design methods 
framework and reference the probability and known impact of previous floods along with 
the probability and aggregated costs of bridges repair work to estimate an optimum resource 
expenditure balance between flood risk reduction and flood disaster  management. The 
results addressed transformations toward future resilience requires an integrated approach 
that allows expression of multiple perspectives on the problem, and supports an adaptive 
planning approach that is open for experimentation and learning. Infrastructure planners, 
operators, and regulators need a simple and robust method to evaluate flood risks to better 
manage the flood risk mitigation, preparedness, response, and recovery of our roads and 
bridges to extreme flood events.

This research focused on flooding as well as the effect of the natural disaster, but results can 
be extended to other forms of hazard communication and perception. Quantitative and quali-
tative analyses supported the adoption of a broad conceptualization of risk communication in 
both theory and practice. Additionally, the possible relationships of regulated space to com-
munication, perception, and behavior identified in this research are relevant in other contexts 
where specific areas are politically delineated as hazardous. These results also contribute to 
more general debates over public understanding of probability and uncertainty as well as 
those regarding the connections between understanding, attitude, and behavior. This study 
confirmed that metrological characteristics such as AEP and PMP and bridge conditions such 
as age and mechanical properties of materials have a substantial impact on the resilience of 
the Australian transport infrastructure, particularly bridges located on main roads.

A number of more general recommendations for effective flood risk management relevant to 
transport infrastructure in Australia emerge from this study:

• Greater control of the zoning and use of land in areas prone to high AEP and PMP are 
required to reduce the need to construct roads and bridges in those areas.

• Upgrading bridges with brick and mortar to cast iron bridges and more resilient bridges will 
make them less vulnerable to flood damage and significantly reduce the costs of flooding.

• Paying significant attention to the design phase of a bridge and more comprehensive flood 
risk management approach to incorporate more mitigation strategies will better address 
the full range of causal factors.

• The fact that Australian aged bridges are not as vulnerable to floods as new bridges calls for 
a changed funding model for bridge maintenance and upgrades.
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The suggested methods can be significantly improved by having access to the different 
regional/community data. Also, the suggested method should be unbiasedly tested in different 
councils in order to validate the suggested hypothesis. It can provide a reliable tool for urban/
regional planers. Further research is needed to assess the broader flood risk variables and flood 
risk management capabilities particular to more vulnerable regions and relevant jurisdictions.
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Abstract

The Huaihe River Basin (HRB) is a transitional river located in the transitional climate 
zone in China, and it has been frequently hit by big floods and suffered from flood disas-
ters. Flood control and management of the areas are of vital importance of the Huaihe 
River Basin in its social and economic development. In this chapter, pioneer works of 
summarizing the flood management have been done for the Huaihe River in China. It 
first introduces flood and flood disasters of the River basin. In addition, this chapter sum-
marizes achievements in flood control and management. Furthermore, it discusses experi-
ences and enlightenment in flood control and management and draws conclusions for the 
research.

Keywords: flood management, flood control, the Huaihe River, transitional river, China

1. Introduction

China is located in eastern Asia. It is impacted by monsoonal climate and the temporal, and 
therefore, spatial distribution of precipitation is uneven. The terrain in China is high in the 
west and low in the east with mountains, plateaus, and humps, which account 67% of China’s 
areas and basins and 33% plains. Special geographical and climatic conditions result in very 
serious flood and drought disasters in China. Since 1949, great efforts have been made for 
flood control in China. A series of policies and regulations has been formulated for flood 
control and management. Furthermore, numerous structural measures such as construction 
of reservoirs, flood detention areas and lakes, building of dykes, water gates and hydro junc-
tions have been constructed. In addition, non-structural measures of hydrological monitoring 
system and flood forecasting system have been made for flood control in China.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



The Huaihe River Basin (HRB) is located in the transitional climate zone in China (Figure 1), 
which is known as the transitional river of China [1]. It has been frequently hit by big floods 
and suffered from flood disasters, and the frequency of disaster is one time in 10 years on 
average [2–5]. The critical issue is that about two-third of the middle and downstream of the 
major rivers are prone to floods, where is inhabited 13% of people of China, 12% of cultivated 
land area of China, one-sixth of food product of China, and one-fourth of the food as com-
modity of China. Flood control and management of the areas are of vital importance for the 
Huaihe River Basin in its social and economic development. Strenuous efforts have been 
made in fighting against floods; however, there is still a long way to go.

This chapter is organized as follows: Section 1 introduces general situation of flood manage-
ment in China and the Huaihe River Basin, Sections 2 and 3 summarize the study area of 
the Huaihe River Basin. Section 4 presents floods and flood disasters of the River basin and 
concerns achievements in flood control. Section 5 discusses experiences and enlightenment in 
flood control and management. Section 6 draws conclusions for the research.

2. Geographical features

The Huaihe River Basin is located in the east China, with the Yellow River in the north and 
the Yangtze River in the south, and its catchment area is 270,000 km2. Starting in the Tongbai 
Mountains of Henan province, it flows from west to east. The upper reaches of the river are 
located in Henan and Hubei Provinces, the middle of the river is located in Anhui Province, 
and the downstream of the river is located in the Jiangsu Province. The length of the trunk 
stream is about 1000 km. The upper reaches of Huai river flow from the river head to the 

Figure 1. Location map of the study area.
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mouth of Honghe River between Henan and Anhui provinces, and the total length of the 
upper reaches is 360 km; the middle reaches, from Honghe River to Hongze Lake, are 490 km 
in length; and the lower reaches have a total length of 150 km. In the lower part of the Huaihe 
River Basin, there are four major outlets for floods, i.e., the Floodway to the Yangtze River, 
the Floodway to the Yellow Sea, the Northern Jiangsu Irrigation Canal to the Yellow Sea, and 
diversion waterway from the Huaihe River to new Yi River, then to the Yellow Sea.

The average annual precipitation of basin is about 875 mm, of which 50–80% precipitation is 
concentrated in the rainy season (June–September). Located in the north-south climate transi-
tion zone, with uneven spatial-temporal distribution of precipitation and the capture of the 
headwaters of Yellow river into the Huaihe River, Huaihe River flood disasters occurred very 
frequently. The basin-wide floods hit the Huaihe River in 2003 and 2007 of this century.

Due to the frequent flood disasters in the Huaihe River Basin, the State attaches great impor-
tance to harness of the Huaihe River. For nearly half a century, many flood control buildings 
have been built, including 38 large reservoirs, 21 flood storage areas, 1716 km embankment of 
grade I, diversion rivers such as Huaihongxinhe canal, Ruhaishuidao canal (floodway to the 
sea), as well as large lakes such as Hongze Lake. In addition, non-structural measures such 
as communication systems, hydrological forecasting system, the remote monitoring system 
of flood control works, remote consultation system, and flood control system have also been 
built. All these measures have played a positive role in the defence of floods.

3. Outstanding characteristics of the HRB

Compared with other rivers all over the world, the Huaihe River has its own outstanding 
characteristics:

1. HRB is located in the transitional zone from southern to northern climate of China, the 
weather system changes dramatically, and precipitation varies greatly in both space and 
time. Therefore, it is prone to flood and drought disaster. The average annual precipitation 
of HRB is 875 mm, the average annual precipitation in the northern area is 600–700 mm, 
and in the southern area reaches to 1400–1600 mm. The precipitation is concentrated in 
flood season (from June to September) and accounts for 70% of the annual amount.

2. The Huaihe River Basin is short of water resources, and water pollution problems have 
not been effectively solved yet. The total amount of average annual water resources in the 
Huaihe River Basin is 79.4 billion m3, and the average amount of water resources per capita 
and per mu only accounts for one-fourth and one-fifth of that of China (1 mu =1/15 ha). Water 
is unevenly distributed in time and space, unmatched with the production and popula-
tion pattern. River regulation capacity is weak, and development and utilization of water 
resources are difficult.

3. The Huaihe River Basin is with flat terrain, where mountainous area is less with poor flood 
incept and storage condition. It has a broad plain area accounting for two-third of the total 
area, which has flat terrain and small gradient ratio in the middle-low stream. The total 
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fall-head of the Huaihe River is 200 m (gradient ratio is 0.2‰). In the upstream, the gradi-
ent ratio is greater, with a fall-head of 178 m (gradient ratio is 0.5‰), and flood concen-
trates rapidly. In the middle reach, the gradient ratio and the fall-head of the midstream 
are 0.03‰ and 16 m, respectively. The river channel is curved and flat, and several parts of 
the river even have inverse slopes. The floods cannot flow smoothly and freely, which can 
easily cause flood disaster. In the middle reach, the gradient ratio and the fall-head of the 
midstream are 0.04‰ and 6 m, respectively.

4. Historically, with the diversion (capture) of the headwaters of Yellow river into the Huaihe 
River dramatically changes the natural water system, aggravates flood burden on the one 
hand, and increases the difficulties in harnessing the Huaihe River on the other hand. Origi-
nally, the Huaihe River is a separate river flowing into the East Sea; however, from the end of 
twelfth century to the middle of nineteenth century, in the 700 years of the Yellow river cap-
ture into the Huaihe River, a large number of sediments silted up the middle-low channel of 
the Huaihe River and made the Huaihe River lose its outlet to the Sea. It changes the natural 
water system to a great extent and has profound influences. It aggravated flood burden on 
the one hand and increased the difficulties in harnessing the Huaihe River on the other hand.

5. The Huaihe River Basin is densely populated, contradictions between human and water 
are sharp, and coordinated development is difficult. The Huaihe River Basin has a popula-
tion of 0.178 billion, which accounts for 13% of that of China. Moreover, the Huaihe River 
Basin is also a main grain production area in China, with a cultivated land area of 0.19 
billion mu accounting for 10.5% of the total amount of China; grain yield of the Huaihe 
River Basin takes up 17% of the total amount of China, and commodity grain of the Huaihe 
River Basin constitutes 25% of that of China. There are so many trans-boundary rivers that 
numerous conflicts of interests between different regions occur in terms of drainage and 
water resources utilization and protection. As a result, water affairs and conflicts are com-
plex, and therefore, it increases the difficulties in river harness and management.

4. Floods and flood disasters

4.1. Floods characteristics

The Huaihe River Basin is located in the transitional zone from southern to northern climate of 
China, the weather system changes dramatically, and precipitation varies greatly in both space 
and time. Therefore, it is prone to flood and drought disasters. The average annual precipitation 
of HRB is 875 mm, the average annual precipitation in the northern area is 600–700 mm, and in 
the southern area reaches to 1400–1600 mm. The precipitation is concentrated in flood season 
(from June to September) and accounts for 70% of the annual amount. The maximum records of 
point rainfall of different durations in the Huaihe River Basin are close to or higher than the cor-
responding maximum records of China and the world. Extremely large flood peaks caused by 
such high intensity and extensive coverage rainstorms result in serious flood disasters (Figure 2)

The magnitude of the maximum floods varies greatly from one area to another over the whole 
basin, and the important events are given in Table 1.
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4.2. Flood disasters

According to statistics, during the 2256 years from 246 B.C. to 2010, totally 1946 flood and 
drought disasters had occurred in the Huaihe River Basin, among which, number of flood 
disaster is 1008, while number of drought disaster is 938, which means disaster almost hap-
pens every year. Number of basin-wide flood and drought disasters is 340 (number of flood 
disaster is 268 and number of drought disaster is 72), and frequency is approximately once 
every 6.6 years on average. From the diversion (capture) of the Yellow river into the Huaihe 
River in 1194, flood disasters became more frequently. From the thirteenth century to the nine-
teenth century, there were 165 flood and drought disasters occurred in the HRB, one time in 
every 4.2 years on average.

Figure 2. The relationship between catchment area and peak discharge in the Huaihe River Basin, China, and the world.

River Gauged station Catchment area (km2) Observed

Discharge Year

Huaihe mainstream Wangjiaba 30,630 17,600 1968

Huaihe mainstream Lutaizi 88,630 12,700 1954

Huaihe mainstream Bengbu 121,330 11,600 1954

Huaihe mainstream Sanhe 158,160 10,700 1954

Shihe southern major tributary Jiangjiaji 5930 4550 1968

Pihe southern major tributary Hengpaitou 4370 6420 1969

Shayinghe northern major tributary Fuyang 36,606 3310 1965

Guohe northern major tributary Mengcheng 15,475 2080 1963

Yihe major tributary Linyi 10,315 15,400 1957

Shuhe major tributary Daguanzhuang 4529 4250 1974

Table 1. The maximum flood discharge for major rivers in HRB (Unit m3/s).
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Due to the unique natural features of the HRB, in recent years, large-area flood and drought 
disasters happen frequently, and local flood and drought disasters happen annually. 
According to statistics, from 1949 to 2008, average annual flood disaster area of the HRB is 
25.29 million mu (Figure 3), among which, number of annual flood disaster area above 30 
million mu reaches to 15 accounting for 25% of the number of statistical years; number of 
annual flood disaster area higher than 40 million mu reaches to 11 accounting for 18.3% of 
the number of statistical years; and number of annual flood disaster area above 50 million mu 
reaches to 8 accounting for 13.3% of the number of statistical years. Table 2 shows statistics of 
flood disasters for three basin-wide floods in the HRB.

5. Achievements in flood control

Since the foundation of the new China, for the purpose of effectively reacting to flood and 
drought disasters and reducing losses, under the guidance of “jointly considering storage and 
discharge of floodwater” principle for harnessing the Huaihe River, with 60-year  continuous 
river harness, tremendous achievements have been made in engineering construction of 

Figure 3. Disaster area in different years in the Huaihe River Basin.

Year Disaster area  
(104 hm2)

Affected people  
(104)

Destroyed houses  
(104)

Immigrant  
(104)

Direct economic 
losses (108 RMB)

1991 401.6 5423 196 226.1 339.6

2003 259.1 3730 77 207 286

2007 158.7 2472 11.53 80.9 155.2

Table 2. Statistics of flood disasters in 1991, 2003, and 2007 in HRB.
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the Huaihe River harness. Laws and regulations, i.e., “Flood Control Law of The People’s 
Republic of China,” “Flood Control Regulation of The People’s Republic of China,” “Drought 
relief regulation of The People’s Republic of China,” and “Administrative regulation for flood 
storage and detention areas,” have been established, and basin flood prevention and dis-
patching programs have been improved, and all these play a vital role in reducing flood and 
drought disasters.

5.1. Structural measures

Overall arrangement: In the upper reaches, carrying out water-soil conservation and con-
structing reservoirs are important to intercept and store floods. In the middle reaches, taking 
structural measures to dredge & broaden river course, construct dykes and flood diversion & 
storage areas to increase channel flood discharge capacity. In the lower reaches, taking struc-
tural measures to excavate river channels for enlarging flood discharge capacity. The overall 
layout of structural measures is shown in Figure 4.

Water and soil loss have accumulatively been harnessed with an area of 40,000 km2.

About 6300 reservoirs have been constructed, with a total storage capacity of 30 billion m3, 
and 40 of them are large reservoirs, with a total storage capacity of 20 billion m3 and a flood 
control capacity of 6.2 billion m3. Seventeen flood detention areas and large lakes for control-
ling flood have been constructed, with a total storage capacity of 3.59 billion m3 and a flood 
storage capacity of 2.63 billion m3. Figure 3 illustrates the major structures in the Huaihe 
River Basin.

Artificial channels have been constructed with a length of 2100 km. Different types of dikes 
have been constructed with a length of 50,000 km, and the length of key dike is 11,000 km. River 
channel discharge capacity has been significantly promoted, channel discharge  capacity of the 

Figure 4. Simplification of major water conservancy projects of the Huaihe River.
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upper mainstream has been enhanced from 2000 to 7000 m3/s, channel discharge capacity of the 
middle mainstream has been enhanced from 5000 to 7000 m3/s to 7000 to 13,000 m3/s, and chan-
nel discharge capacity of the lower mainstream has been enhanced from 8000 to 18,270 m3/s. In 
addition, 1200 sluices have been constructed.

At present, flood control standard of the mainstream in the upstream is once-10-years, and 
flood control standards of the key flood protection areas and important cities in the mid-
dle and lower reaches were promoted to once-100-years. Flood control standards of the 
important tributaries can reach to once-20-years to once-50-years. Specifically, in the upper 
mainstream, channel discharge capacity has been enhanced from 2000 to 7000 m3/s. In the 
middle mainstream, channel discharge capacity has been enhanced from 5000–7000 to 7000–
13,000 m3/s. In the lower mainstream, channel discharge capacity has been enhanced from 
8000 to 18,270 m3/s.

5.2. Non-structural measures

So far, non-structural measures of flood prevention regulation command system jointly form 
system mechanism for flood prevention and disaster reduction.

5.2.1. Legal and institutional system for flood control

China has already promulgated laws and regulations concerning water, e.g., water law, flood 
control law, regulation on river channel, regulation on flood control, etc.

(1) Flood control law

The Law of Flood Control was adopted at the 27th Meeting of the Standing Committee of the 
Eighth National People’s Congress on August 29, 1997, and promulgated by Order No. 88 of 
the President of the People’s Republic of China on August 29, 1997. It is the first law on the 
prevention and control of natural disasters in China. It is also a very important law following 
the Water Law and the Law of Soil and Water Conservation in water domain in China.

Numerous administrative regulations were promulgated to clarify the responsibilities of 
responsible parties concerned in the flood control, such as flood Control Regulation of the 
People’s Republic of China (2005 Revision), Regulation of the People’s Republic of China on 
the Administration of River Courses, Guidelines for safety and construction of flood detention 
areas and flood control operation plan, etc., which have played an vital role in flood control 
and management in China. However, with the rapid socio-economic development, popula-
tion growth, and acceleration of urbanization, numerous problems and new challenges have 
risen in terms of flood control, which can be summarized as follows: (a) Lack of legal con-
sciousness on the importance of flood planning and at the same time the approved flood 
plan was not fully observed or strictly enforced; (b) Flood protection standard was relatively 
low; (c) There was no effective means for river channels management, e.g., sand excavation; 
(d) No effective management of flood plains area; and (e) Lack of funds in flood control and 
infrastructure construction. Therefore, there is an urgent call for specific law on flood control 
to ensure that necessary measures could be implemented legally.
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(2) Institutional Arrangement

(a) Ministry of Water Resources (MWR)

Ministry of Water Resources (MWR), the Chinese Government Department responsible for 
water administration, was founded in October 1949. In order to clarify the responsibilities 
among different ministries/departments under the State Council, Ministry of Water Resources 
was reorganized on July 22, 1988. In accordance with the stipulations of the State Council of 
the People’s Republic of China, the function and responsibility of the department were sum-
marized as follows:

• ensure rational development and utilization of water resources in China,

• formulate water resources development strategies, plans, and policies in China,

• provide draft legislations,

• promulgate water administrative rules and regulations,

• undertake integrated water resources management and supervision,

• take charge of water resource protection and water conservation,

• organize, coordinate, and supervise the work of flood control and drought relief, and be 
responsible for control of soil and water losses.

(b) Flood control and drought relief commanding headquarters (FCDRH)

The flood control and drought relief commanding system has been constructed at national, 
river basin, and local levels (Figure 5). On a national level, the General Commander is a vice 
premier of the State Council. Its members are from administrative leaders of governmental 
departments and the military, who are responsible for organizing and guiding efforts in flood 
control and drought relief throughout the whole country [6–9]. In the six major river basins, 
namely, the Yangtze River, Yellow River, Huai River, Hai River, Songhua River, and Pearl 
River, Flood Control and Drought Relief Headquarters are constructed, and they take the 

Figure 5. Institutional framework of Flood Control and Drought Relief Commanding Headquarters.
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same responsibility of flood control and drought relief on a river basin level. In local govern-
ments that undertake flood and drought tasks, flood control and drought relief commanding 
headquarters are constructed as part of the local governments.

(c) The Huaihe River Basin Commission

The Huaihe River Commission is a river basin authority dispatched by the Ministry of Water 
Resources of China to exercise water administrative functions in the Huaihe River Basin and 
Shandong Peninsula, which is responsible for basin design and planning, flood control and 
drought relief, integrated water resources management, etc.

In accordance with the stipulations of the Ministry of Water Resources(MWR), the Commission 
is given the following major mandates in Huaihe River Basin (HRB):

1. It is in charge of making the integrated planning and related professional planning for 
HRB, such as water resources developing planning, annual water projects construction 
implementing planning, and so on.

2. It is in charge of HRB’s water resources management and supervising.

3. It is in charge of checking the water body acceptance capacity for pollutant, and monitor-
ing the water quality for the water functional areas located in the boundary of provinces.

4. It is in charge of dealing with routine work of the Huaihe River Flood Control and Drought 
Relief Headquarters. This includes the organization, coordination, supervision, and direc-
tion of flood control for HRB, and execution of operations of flood control and drought 
prevention for major river basins and key water projects.

5. It is in charge of building, managing, and operating for important water projects.

6. It is in charge of enforcing the laws and regulations relative to water administration.

7. It is in charge of organizing water and soil conservation in HRB, including development of 
engineering measures for water and soil conservation, and organization of the monitoring 
and overall prevention and control of soil and water losses.

(d) The local water resources management agency

The local water resources management comprises four levels, i.e., the provincial, prefecture, 
country, and the village (town). Overall, it has the most of main functions and responsibili-
ties as that of the central government. Specifically, there are also direct legal duties of flood 
control and drought relief.

5.2.2. The flood forecasting and warning system

(1) The flood monitoring system

Hydrological information and flood forecasting provide basic information for flood control. 
By 2014, totally 329 hydrological stations (hydrologic information including information of 
precipitation, water level, and discharge), 220 stage gauging stations, and 2488 rain gauges 
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had been constructed. For those stationary gauging stations, they collect rainfall information 
using rainfall recorder, water level information using telemetering stage recorder, and dis-
charge information using acoustic doppler current profilers (ADCP) or current meter. In addi-
tion, 1489 water quality monitoring stations, 324 moisture stations, and 3024 ground water 
monitoring stations had been constructed; all of these constitute the hydrological network 
and also the flooding monitoring system over the Huaihe River Basin. During flood period, 
with the aid of water information transmission system, 1250 stations (including important 
hydrological stations, stage gauging stations, and rain gauges) are mandated to collect, trans-
mit, and share hydrological information from single state level to provincial, river basin, and 
the national levels. It runs at a regular time interval ranging from 6 minutes to 6 hours as 
stipulated on the basis of the requirement of flood forecasting for the river system [2].

(2) Information transmission

The hydrological information is transmitted through the national telecommunication sys-
tem. Most of the hydrological information collected are transmitted using client software of 
the transmission system. For those river reaches and water projects of special importance, 
short wave radio stations were established to ensure more effective information transmission. 
Furthermore, data collection and management have been computerized in the real-time flood 
forecasts on the state level, the river basin level, the province level, and the municipal level.

(3) Flood forecasting and warning

Flood forecasting and warning were made by hydrological bureau or flood control office, 
which is the member of the Flood Control and Drought Relief Headquarters (FCDRH) at 
various levels ranging from municipal level to the country level. Faced with emergence, the 
FCDRH will issue warning via government at different levels. Before the flood season in every 
year, annual meeting of FCDRH at different levels is held to ensure preparatory work is well 
organized. In addition, on a national level, there are about 1000 hydrological stations that 
conduct river flood forecast as requested, and there are 66 hydrological stations conducting 
river flood forecast in the Huaihe River Basin. Numerous models, e.g., the Antecedent pre-
cipitation index (API) model, the Xinanjiang model, and tank model, have been employed for 
flood forecasting (Table 3) [9–13]. Most of the hydrological bureau above municipal – level 
established flood forecasting system in the flood forecasting [14] (Figure 6). In addition, a new 
real-time flood forecasting platform FEWS_HUAIHE has also been established for probability 
forecasting (Figure 7).

1 P-Pa-R relation curve 7 Xinanjiang Model

2 P+Pa-R relation curve 8 Grid-xinanjiang Model

3 Zm~Qm, Z~Q 9 Tank Model

4 Unit hydrograph 10 TOPMODEL

5 Muskingum 11 TOPKAPI

6 Tacit knowledge 12 HBV

Table 3. Flood forecasting models applied in the Huaihe River Basin.
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(4) Decision support system for flood control

The major flood control measures can be summarized as “upper-stream storage, middle-
stream passage, and lower-stream discharge” in accordance with the principle of flood pre-
vention and regulation. Decision support system for flood control was designed for real-time 
control of structures in the Huaihe River Basin in case that big floods hit the basin (Figure 8). 
It has the following functions: reservoir regulation (Figure 9), flood bypass regulation 
(Figure 10), sluice regulation, hydrojunction regulation as well as joint dispatching of hydrau-
lic structures, etc.

(5) Flood disaster assessment system

Flood disaster assessment system is designed for evaluating losses of flood disasters during the 
whole process in several key flood-prone areas in the Huaihe River Basin. It has the major func-
tion of pre-disaster evaluation, real-time evaluation, and post disaster assessment (Figure 11).

Figure 6. Real-time flood monitoring, forecasting, and warning system for the Huaihe River Basin.

Figure 7. Probability flood forecasting system for the Huaihe River Basin.
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(6) Flood risk mapping

Flood risk mapping identifies flood hazards, assesses flood risks, and partners with provinces 
and communities to provide accurate flood hazard and risk data to guide them to mitigation 
actions. Flood risk mapping is an important part of flood regulations and flood insurance 
requirements. It maintains and updates data through Flood Insurance Rate Maps (FIRMs) 
and risk assessments. FIRMs include statistical information such as data for river flow, storm 
tides, hydrologic/hydraulic analyses, and rainfall and topographic surveys (Figure 12).

In summary, an integrated system of flood monitoring, forecasting, and warning system, 
including weather prediction, flood monitoring and forecasting, flood dispatching, and flood 
control discussion, has been preliminarily established in the Huaibe River Basin (Figure 13), 
which plays a vital role in basin flood control. However, system for flood risk management, 
e.g., probability flood forecasting system, flood risk dispatching models for reservoirs and 
hydro-junction, still stays at a starting stage.

Figure 8. Topological diagram of hydraulic structures for the Huaihe River Basin.

Figure 9. Interface of flood bypass regulation.
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Figure 10. Interface of reservoir regulation.

Figure 11. Flood disaster assessment decision support system.
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Figure 12. Flood risk mapping for a key area in the Huaihe River Basin.

Figure 13. Integrated system of flood monitoring, forecasting, and warning system.

Flood Management in China: The Huaihe River Basin as a Case Study
http://dx.doi.org/10.5772/intechopen.69047

143



6. Case study

6.1. Flood management for the Huaihe Basin-wide flood in 2007

6.1.1. Floods in 2007 in the Huaihe River Basin

In 2007, a long-time, wide-range, and high-intensity rainfall occurred in the Huaihe basin, 
in which area average rainfall reached to 465 mm. Influenced by the rainfall, a multi-peak 
flood appeared in the mainstream of the Huaihe River. Among them, four flood peaks have 
been found in the upstream of Wangjiaba of Huaihe River, three peaks in the Wangjiaba-
Linhuaigang section, two peaks in the Linhuaigang-Huainan section, and one peak in down-
stream of Huainan.

The water level of the Wangjiaba-Runheji section rose over the guaranteed stage, and the 
water level of the Runheji-Wangji section rose to a historically high value. According to a 
preliminary analysis, the return period of the Mid-Huaihe River is about once-in-15-years to 
once-in-20-years, while that of the downstream is about once-in-25-years.

The fierce flood lasted for a long time, affected 2.5 million hectares crops, and caused a direct 
economic loss of 15.5 billion Yuan. However, compared with floods in 1991 and 2003, the loss 
was reduced by 54.3 and 45.7%, respectively. Why did the same magnitude floods make such 
differences? It is primarily resulted from scientific regulation of the Huaihe River flood.

6.1.2. Flood management

Flood regulation is an important part of the Huaihe River flood Management work. In 2007, 
all levels and branches of government facing a serious flood situation took many measures 
comprising of “intercept, discharge, store, divert” in accordance with “the programs for the 
defenses of the Huaihe River floods.”

(1) Intercept flood with the reservoirs on upstream

In the general flood defense process, the first step is to discharge flood with river channels, 
and the second step is to intercept water with reservoirs and then to store flood by deten-
tion basins. In 2007, the 18 large reservoirs in the Huaihe River upstream, such as Suyahu, 
Nianyushan, Meishan, and Xianghongdian, totally stored flood with an amount of nearly 
2.1 billion cubic meters, which greatly released the flood defense pressure.

Although the reservoir played a significant role in the Huaihe River flood in 2007, in actual 
operation, it also faced many difficulties. At first, the Suyahu Reservoir and Meishan Reservoir, 
which are closely related to the flood control and prevention, are facing different levels of 
safety problems. Reservoir regulations are subject to the safety of reservoir projects, if a res-
ervoir has safety problems, which means that the project itself is prone to the flood, and it 
cannot intercept flood according to design standards. The second is the difficulty of forecast-
ing. At present, it is difficult to accurately and timely forecast sudden heavy rain in Huaihe 
Basin for our technology. Third, the provincial conflicts need to be coordinated. Most of the 
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reservoirs in the upstream of the Huaihe River are located in Henan Province. How to weigh 
the pros and cons has always been a difficult issue.

Suyahu Reservoir regulation is a typical example. The reservoir is located in Henan Province. 
On July 15, the reservoir water level reached to 54.76 m, over the flood control water level l 
2.26 m, and a lot of land was flooded and therefore reservoir operation was facing great pres-
sure. At the same time, as the downstream part of the river exceeded the guaranteed stage, 
flood situation was very tense. The Flood Control and Drought Relief Headquarter (FCDRH) 
of Huaihe River, Henan Province, and Anhui Province launched flood consultations repeat-
edly and regulated Suyahe Reservoir carefully, and finally intercept 500 million cubic meters 
for downstream on the premise of guaranteeing projects safety, and thus the masses in this 
reservoir area have paid a heavy price.

(2) Pre-discharge capacity of rivers and lakes

Under normal circumstances, it takes 2 days for the formation of flood peak in mainstream of 
the Huaihe River from the beginning of rainfall to a flood peak appears. Short-term weather 
forecasts can basically predict the location and quantity of rainfall. It provides an opportunity 
to use the project ahead of time. The Bengbu Gate is the important control hydro-junction in the 
middle reaches of Huaihe River. When rainfall started in upstream and a large flood forecast 
was reported, the Bengbu Gate opened all 40-hole gates to pre-discharge the water. As a result, 
when the flood arrived, the water level can be reduced from 17.85 to 16.03 m. The reduction 
of 1.82 m of water level provided an opportunity to receive the upstream runoff and drainage.

Hongze Lake is the largest lake in the Huaihe Basin, and Sanhe Gate is the largest controlling 
gate of the lake. On July 4, before the floods arrived at Hongze Lake, the FCDRH of Huaihe 
River coordinated with the FCDRH of Jiangsu Province and opened Sanhe Gate and began 
to discharge water. When flood discharge and water level reach to a warning value in the 
upstream, open Sanhe Gate of Hongze Lake in the lower stream in advance to decrease water 
level for discharging flood freely. Through analysis and calculation, Sanhe Gate discharged a 
cumulative capacity of 16.8 billion cubic meters for flood prevention from July 4 to July 31 for 
totally 28 days and reduced the water level of the lake by 0.2 m, all of which win an advanta-
geous opportunity in flood prevention.

(3) Make full use of detention basins for flood storage

The detention basins are important parts of the Huaihe River flood control system. When 
large floods occur, the use of the floodplain detention can reduce the flood volume, decrease 
flood peak, and lower the water level of rivers, which is a major feature of the flood preven-
tion of the Huaihe River. The Mengwa Detention Basin is the first one in the Huaihe Basin. 
Due to the important location that involves the two provinces, it is scheduled by State Flood 
Control and Drought Relief Headquarters (FCDRH).

On July 8, the water level raised rapidly due to a heavy rain. The water level of Wangjiaba 
hydrological station, which is known as the Huaihe River Flood Control barometer and 
flood weathervane, reached quickly to 29.3 m, the guaranteed stage. At this point, the 18 
large reservoirs in Huaihe River upstream were in full load operation, and the flood control 
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capacity was exerted to the most, many rivers exceeded the guaranteed water level, and the 
dangers of embankment appeared ceaselessly.

Facing the severe situation, the FCDRH promoted the flood emergency response level to 
grade II on July 9 and to the highest level I on July 10. This is the first time to start the high-
est level of flood emergency response. In accordance with request of the grade I response, 
the Mengwa Detention Basin was operated timely when the water level of Wangjiaba of the 
Huaihe River reached 29.3 m.

However, there are several real problems in storing floodwater, namely the migrant relo-
cation and resettlement, inundated farmland, heavy loss of property, and waste of human 
and material resources. To operate, or not to operate? That’s the question. At that time, the 
SFCDRH made an analysis and found that there would be three negative results when not 
using detention basin or using not properly. At first, inundated farmland in the upstream 
would be increased to 2530 hectares, with an increased area of 1340 hectares more than the 
use of the Mengwa Detention Basin. The second is the raising of the Huaihe River water level, 
which would increase the difficulty of flood prevention and threaten safety of the mainstream 
embankment. Lastly, probability of the use of the detention basins in downstream would 
be increased. However, the use of the Mengwa Detention Basin means that more than 3000 
people have to be transferred, 12,000 hectares farmland would be flooded, and the part of 
the infrastructure in the region to be destroyed. After the five consultations by the relevant 
authorities, it was determined finally that the Mongwa Detention Basin would be opened. 
According to analysis, the basin had diverted water for 46 hours, stored flood with a volume 
of 250 million cubic meters, lowered the Wangjiaba water level by 0.2 m, reduced the water 
level of the downstream of the Zhengyangguan pass by 0.1 m, and has played a significant 
role in clipping flood peak. Subsequently, the Huaihe River Basin started using nine more 
detention basins diverted floodwater with a total capacity of 1.5 billion cubic meters. The use 
of these detention basins shorten the duration of Wangjiaba stage at high level nearly 20 hours.

(4) Divert water with the channels timely

It can relieve the pressure of flood prevention in the main stream by regulating diversion riv-
ers to discharge a part of the flood water. Both Huaihongxinhe canal and Ruhaishuidao canal 
(canal to the sea) played the role of accelerating flood discharge in the Huaihe River flood 
prevention in 2007.

Huaihongxinhe canal is an artificial diversion river that passes through Jiangsu and Anhui 
provinces. In late July, the Huaihe River water level was still high. After soaking in high level 
water, much more dangerous situation of the embankments appeared. On the one hand, the 
rescue personnel were tired due to the long struggle; on the other hand, the high temperatures 
of 38°C caused inconvenience for the rescue team and relocated people. In order to reduce 
the water level of Huaihe River and relieve the defensive pressure of the downstream from 
Bengbu city as soon as possible, the FCDRH of the Huaihe River actively coordinated Jiangsu 
and Anhui provinces for reasonable operation of Huaihongxinhe canal, thereby reducing the 
dike defense and emergency pressure, and 110,000 metastatic masses returned home 2–4 days 
ahead of time and returned to a normal production and living order.
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6.2. Room for river project in the Huaihe River Basin

6.2.1. Development of “Room for river” idea in the Huaihe River Basin

From 1950 to 1969, there were 10 flood storage areas (total area is 3788 km2 and flood storage 
capacity is 10.18 billion m3) and 21 flood bypasses (total area is 1301 km2 and flood discharge 
capacity is 1000~3500 m3/s when fully open).

The HRB has constructed five flood storage areas (total area is 3300 km2, and flood storage 
capacity is 9.3 billion m2) and totally 21 flood bypasses. These flood diversion and storage 
areas constitute as part of the flood control engineering system and played important roles in 
preventing basin-wide floods in the past.

However, there are also outstanding problems, e.g., too many flood bypasses occupy river’s 
room, evacuation of 1.8 million people is a hard work, etc.

Since mid-1980s to the twentieth century, problems of flood diversion and storage areas have 
received a great deal of attention, new ideas about the Huaihe harness have progressively 
formed, i.e., properly reducing number and area of flood diversion and storage areas, enhanc-
ing river channel discharge capacity, reducing the probability of using flood bypasses, and 
reinforcing security construction of people’s safety.

By 2010, number of flood bypasses along the Huaihe mainstream reduced from 21 to 17, of 
which four flood bypasses were abandoned and returned room to river with an area of 24.3 km2, 
other flood diversion and storage areas returned room to river with an area of 96.4 km2 by 
partial dike retreat, and totally returned 120.7 km2 area to river.

By the plan completion in 2020, only six of the 17 flood bypasses will be preserved, among 
which two of the them will be abandoned, three of them will be changed to flood storage 
areas, and five of them will be adjusted to flood protection areas (Figure 14).

Totally, 230 km2 will be returned to river, width of river channels will be increased 
100~2500 m, and flood discharge capacity will be increased from 800 to 1200 m3/s. The 
operation standard of the preserved flood bypasses will be promoted to once in 10–20 
years (Figure 15).

From the start time of the flood diversion and storage areas construction to now, flood diver-
sion and storage areas have experienced from “conflicts between human & water”, to “co-
existence of human & water” and finally to “harmony between human & water”, which also 
reflects development of idea about “Room for river” in the HRB.

What follows take Jingshanhu flood bypass as a case study.

6.2.2. Room for river: Jingshanhu flood bypass as a case study

Jingshanhu flood bypass is about 4 km long from east to west, and 17 km wide in south-north 
direction, with an area of 72.0 km2. It plays a vital role in raising the flood-diversion capacity 
and decreasing water levels of Bengbu and Huainan cities.
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The major problems before the harness were as follows: (1) The river channel is narrow, river 
channel for flood discharge is only 500 m wide, and maximum discharge capacity is only 
5700 m3/s. (2) There are 10,000 people in the Jingshanhu flood bypass and most of them live 
in the plain area, which involves a large amount of works when carrying out immigration. 
(3) The flood bypass operates so frequently that it causes serious property losses. (4) The con-
trolling gates of the flood bypass are so inconvenient that it cannot be timely and effectively 
operated. (5)Reconstruction after disaster involves hard works.

By retreating, reinforcing, and newly constructing dykes with a length of 42 km, constructing 
one withdrawal sluice and one intake sluice, and security construction, e.g., retreat road con-
struction, reinforcement of Zhuangtai (small villages on raised ground with higher elevation), 
communication and warning facilities, etc., the chance of flood diversion was promoted from 
once-in-7-years to once-in-15-years, and it has significant effects.

After the control measures were implemented, the following achievements have been 
made:

1. The problems of local people’s security have been solved. There are only 855 people living 
in the flood-protected villages.

Figure 15. Achievements after completion of adjustment of flood detention areas and flood bypass.

Figure 14. Adjustment of flood detention areas and flood bypass in 2020.
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2. The flood dispatching measures have been strengthened. In 2007, the Huaihe River Basin 
was hit by a basin-wide large flood event again and the newly-built intake and withdrawal 
sluices firstly came into use and showed good effects.

3. The flood passage of the mainstream has been enlarged. After the implementation of dike 
reconstruction and reinforcement, the width of the dike inside reached to 600 m, and the 
release discharge of the reaches lower than Zhengyangguan pass in the mainstream can 
reach to 8000 m3/s without using the flood bypass.

4. Probability of using the flood bypasses has been promoted from once-in-7-years to 
once-in-15-years.

5. If inundated, economic losses of peasants have been compensated by our country and it is 
conductive to resume production.

Table 4 summarizes control measures and achievements of Jingshanhu flood bypass.

7. Experiences and enlightenment

China is a flood-prone country, and flood disasters occur frequently. The Chinese Government 
attaches great importance to flood management and drought relief, and great efforts and 
achievements have been made with aid of the structural and non-structural measures. 
However, flooding is still a big issue in China. The ability to control floods needs further 
improvement of the non-structural measures, including the relevant laws, monitoring net-
works, warning and forecasting, and social management [14].

Both the structural and non-structural measures are very important for flood control and 
management. However, for the over-standard flood cases, the non-structural measures, such 
as the hydrological monitoring and flood forecasting, become much more important.

Control measures Achievements

Relocating, strengthening, and newly constructing  
42 km dykes and dredging 3.7 km river channels

Returning 4.5 km2 lands and enlarging river channels 
with a width of 600 m, and thus discharge capacity of 
these reaches has been increased to 800 m3/s

Constructing one withdrawal sluice and one intake  
sluice

Intake and escape sluices have been constructed for 
timely and effective operation

Constructing inside security facilities Inside security facilities, e.g., retreat road and Zhuangtai 
(village on raised ground), etc., have been constructed

Most of the people living inside have been relocated  
to other safe areas outside

A total of 800 people have been relocated to safe 
villages on raised ground and the rest 9000 people have 
immigrated to flood protection areas and got rid of flood 
threat

Constructing drainage pumping stations and  
improving drainage system inside

Two drainage pumping stations and improving drainage 
system inside have been constructed

Table 4. Control measures and achievements of Jingshanhu flood bypass.
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Flooding is still a big issue in China. The ability to control floods needs further improvement 
of the non-structural measures, including the relevant laws, monitoring networks, warning 
and forecasting, and social management.

7.1. Experiences in flood management

Flood disaster, which occurred suddenly and inevitably, is different from the general emer-
gency disasters. It is determined by the natural conditions of the Huaihe Basin. By review of 
the Huaihe River flood regulation, it is found that the keys of success are still dependent on 
the following factors:

1. The complete flood control structural system is the foundation of flood regulation and man-
agement. The standard and quality of the flood control works are directly related to flood 
management and projects operation. Although the standard of the flood control system in 
Huaihe Basin is not high enough, it is compounded by a wide range of works with high cor-
relation. Their operation is very flexible, especially the flood regulation of detention basins 
and diversion channels like Huaihongxinhe canal and Ruhaishuidao canal (floodway to the 
sea), and plays a vital role in flood control. In future, we should strengthen the construction of 
structural system for flood prevention and increase the flood control standard appropriately.

2. Accurate hydrologic forecasting is the prerequisite of the flood regulation. The forecast 
accuracy and the lead time will directly affect the correctness and timeliness of the flood 
regulation decision. In recent years, the extreme weather events have increased signifi-
cantly from global perspective. The sudden strong rainfall is unforeseeable, and it becomes 
a new issue for flood prevention work. In the future, we should continue to strengthen 
early warning system, to optimize flood forecasting model, and to improve forecast ac-
curacy and quality. Particularly, there is an urgent call for constructing an ensemble flood 
forecasting system integrating with numerical weather models, distributed hydrologic 
models, hydraulic models, and real-time control models.

3. Scientific analysis and judgment of the flood are the key to flood regulation. Flood regulation 
should consider all factors as an integrated system, including upstream and the downstream, 
both sides of river, global and local, flood control and drought relief, as well as economy and 
society. To balance different interests is a hard nut to crack in decision-making. In future, we 
need to continue to strengthen the flood management and risk management and to resolve 
the problems in laws and regulation, mechanism, technology, and other issues.

4. Advanced technology and perfect plan are the effective support for flood regulation. Huaihe 
River floods in 2003 and 2007 are not only a test of the flood structural system, but also a 
full inspection of the Huaihe River non-structural system. All of advanced technology and 
comprehensive plan of flood monitoring and forecasting, flood control scheduling, emer-
gency management mechanism, and the joint regulation of the flood engineering system 
play an important role in joint operation of flood control structural system. In future, we 
should learn from domestic and international flood management experience, promote the 
application of high technology, constantly improve the flood control, and strive to reduce 
disaster losses.
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7.2. Outlook on flood management in the Huaihe River Basin

In the future, we have to change from flood control to flood management and finally achieve 
the goal of flood risk management.

1. Room for River. In terms of river planning and training, it is necessary to make more 
room for flood and formulate relevant schemes and measures by comprehensive analysis 
of flood. Based on the structural system comprising of reservoirs, dykes, and flood deten-
tion areas, we have to enlarge passageway for small and middle magnitude floods in river 
harness for the purpose of releasing such kind of floods. To construct flood detention areas 
to receive extra floods that exceed the river channel capacity aims to solve the big flood 
issues.

2. Live with floods. In order to realize harmony between human and nature, first and fore-
most, an integrated flood control and management system should be well established on 
an operational level. In addition, in order to achieve a shift from flood control, flood man-
agement to flood risk management, there is urgent call for raising awareness of flood risk 
management both for the leader and the public.

3. Flood risk management. We do not have to control all floods of different magnitude, 
and we cannot bear enormous flood disaster risk. We have to avoid risks actively, take 
preventive measures as high priority, live far from flood disasters, and control flood 
disaster risk to a certain extend. We have to determine reasonable flood protection 
standards, and the standards should not be too high or too low. We have to classify 
function of flood structures in a reasonable way, because flood disaster risks could 
propagate if function of flood structures is not classified correctly or properly. We have 
to share risks. Construction of flood structures can absolutely cause risk propagation; 
therefore, we have to treat risk propagation in a right way and different regions have to 
share flood risk and construct flood risk compensation mechanism and flood insurance 
system.
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Abstract

Despite low annual precipitation rates, major cities located in deserts are prone to 
flash flooding events, which incur important economic costs and in some cases loss of 
human life. The northern Chihuahua desert metroplex of Ciudad Juarez, Chihuahua-El 
Paso, Texas, is a region where seasonal summer rains result in flash flooding. One of 
the most important flooding zones in Ciudad Juarez occurs at the Arroyo Las Viboras. 
Detailed light detection and ranging (LIDAR) terrain models were incorporated during 
two-dimensional modeling to understand flow conditions for two specific ordinary rain 
events. In addition, electrical resistivity tomography and seismic geophysical studies 
were conducted to examine if the hydraulic infrastructure was properly emplaced from 
a geological and geotechnical perspective. The results showed that Las Viboras water-
shed is almost hydrologically unprotected since the major dam is not regulating water 
flow volumes. The Camino Real transmountain road is improperly acting as a retention 
wall and geotechnical and geophysical findings indicate that Puerto La Paz dam has to 
be moved to a new location since it is currently located on top of plastic clays. El Filtro 
dam poses a higher risk because.Finally, three more dams are required to be constructed 
upstream in order to ensure hydrological resilience of the watershed.

Keywords: desert, flash flooding, bi-dimensional modeling, geotechnics, resilience
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1. Introduction

Despite low annual precipitation rates of less than 300 mm/year [1], the urbanized areas of the 
northern Chihuahua desert paradoxically experience flash flooding events as a consequence 
of seasonal summer rains that often release more than 50% of the yearly rain in only 48 hours 
[2]. The main population center located in this semiarid region is the twin city, transboundary 
metroplex formed by Ciudad Juarez, Chihuahua and El Paso, Texas. The denser populated 
area corresponds to the Mexican city of Juarez, with more than 1.5 million inhabitants distrib-
uted along the western piedmont of the Sierra de Juarez (SDJ) mountain range and the Rio 
Grande River (RGR) basin’s main depocenter, defined by the axis of the Rio Grande River 
(Figure 1). This growing population experiences severe property damage on a yearly basis as 
consequence of seasonal rain events.

Ciudad Juarez’s hydrology is divided into eight basins according to the municipal research 
and planning agency [2]. Although all the basins become problematic flooding areas during 
seasonal rains, flooding at Las Viboras watershed’s downstream area, located in the Anapra  

Figure 1. Location of the Cd. Juarez, Chihuahua–El Paso, Texas Metroplex and Las Viboras watershed, earthen regulation 
dams and hydrologic network.
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basin (Figure 1), has been historically one of the most complicated water volumes to be man-
aged efficiently. Anapra is the only basin in Juarez that drains directly into the RGR. The 
hydrological protection of Las Viboras Arroyo Watershed depends on four existent earthen 
regulation dams: Pico del Aguila, Puerto La Paz, La Fronteriza and El Filtro (Figure 1). 
However, ordinary rain events in November 2016 recorded important flooding and high 
flows at the Rio Grande River delivery point, precisely indicating a lack of flow regulation. In 
this research, we have combined a holistic approach by integrating hydrology, bidimensional 
hydraulic modeling and geological-geophysical methods to investigate how the ordinary rain 
event of November 4, 2016 resulted in severe loss of life and property in Las Viboras Arroyo 
watershed. We also explored what would happen if El Filtro dam would have failed during 
a 500 year return period (YRP) event and how the Camino Real transmountain road culverts 
operate under hydraulic stress.

2. Background

2.1. Hydrology

Ciudad Juarez’s hydrology is divided into eight basins according to the municipal research 
and planning agency [2]. Three basins are located at the Sierra de Juarez (SDJ): Anapra, Centro 
and Jarudo, whereas the Aeropuerto basin, adjacent to Jarudo basin, is located in a nearly flat 
area. The Chamizal and Rio Bravo basins are located next to the Rio Grande River (RGR), and 
the Barreal and Acequias basins are of endhorreic type.

As expected, the hydrological drainage network is chiefly controlled by the topography of the 
SDJ. This mountain range reaches elevations of 1800 m above sea level, resulting in a relative 
height difference of nearly 470 m with respect to the surrounding basin floors and of 490 m 
with the RGR.

In spite of the dramatic topographic contrast, the only basin draining directly into the RGR 
is the Anapra. Las Viboras Watershed is the main watershed in Anapra basin. This system, 
Las Viboras, collects runoff volume from a catchment area of nearly 22 km2 [3]. Although the 
watershed is supposed to be protected by three regulation dams, historically this watershed 
has experienced some of the greatest damage associated with hydro-meteorological events in 
Ciudad Juarez. In 2006, during a 10 year return period (YRP) event, the hydrological resilience 
of this watershed was demonstrated as being poor since the most important dam, in terms of 
capacity, was overtopped during the rain event, requiring authorities to evacuate population 
located downstream due to the imminent risk of the dam’s wall breaking [3]. After the rain 
event, the dam had to be artificially breached by constructing a 70 m3/s channel to prevent 
water accumulation. As a temporary solution a new retention wall was emplaced upstream 
of the dam to mitigate water flow. However, and regretfully, the temporary solution became 
permanent. Now, Las Viboras system seems to be even more compromised, in hydrologi-
cal terms, than in 2006, as consequence of the lack of infrastructure maintenance and a poor 
urbanization plan that allowed several new low-income neighborhoods to be developed 
downstream without regard to the hydrological safety.
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2.2. Geologic and tectonic setting

Structurally, the major tectonic feature controlling recent basin formation and deposition style 
in the area is the Cenozoic Rio Grande Rift. Extension in the rift has produced an asymmetric 
intramontane basin system controlled by normal faulting that has overprinted the Laramide-
related compressional structures. Among the Laramide-related structures, the Sierra de 
Juarez is the major landmark in the region. The stratigraphic sequence of the SDJ is composed 
of Mesozoic geologic units of a transgressional marine sequence deposited in the Chihuahua 
Trough [4, 5]. Shales and sandstones characterize the lower part of this sequence, whereas 
the middle part is formed of limestones and shales, topped with post reef limestone facies 
[6]. Volcanic activity occurred in the Paleocene with the emplacement of acid to intermediate 
composition intrusive igneous rocks. Well-consolidated deposits, such as conglomerates, silts 
and sands, were deposited discordantly during the Plio-Pleistocene [7].

The top of the stratigraphic column is composed of interbedded sequences of coarse clastic 
sediments and fine grain materials transported from the more topographically elevated areas 
and deposited in the basins as alluvial, lacustrine or aeolian sediments. The basin fill is mainly 
Pliocene with some thinner quaternary units on top.

Basement units that outcrop in the nearby SDJ include the Cretaceous Cuchillo, Benigno, 
Lagrima and Finlay formations [8]. Each formation has very distinctive hydraulic and 
mechanical properties as a consequence of the compositional transitions between massive 
coral limestones (Benigno and Lagrima formations) to interbedded limestone-sandstone 
(Cuchillo) and limestone-shale (Finlay) formations that are less permeable.

In terms of geologic elements to provide structural support for proper dam foundation, 
emplacement and construction, the topographic closures flanked by competent rock units are 
present only in the highlands of SDJ. The best geological units, the massive limestone rock 
units are related to the Aurora group, which are the most competent. On the other hand, flaky 
shales (Ojinaga and La Casita formations) associated with Turonian and Tithonian horizons, 
respectively, should be avoided [8, 9].

3. Methodology

First, we used a precise light detection and ranging (LIDAR) derived digital terrain model 
(DTM) to determine watershed boundaries and update other physiographic elements for cal-
culations of surface hydraulic flow. We also modeled the flow conditions through bidimen-
sional hydraulic modeling of the Naviers-Stokes equations using the IBER software package 
to investigate how hydraulic structures such as culverts and earthen regulation dams are 
actually operating and why dangerous high velocity and turbulent flows are recorded down-
stream even in ordinary rain events. In addition, we also investigated the subsurface geologic 
setting by conducting high-resolution electrical resistivity tomography [10], which combined 
with seismic refraction and S-wave velocity studies [11], allowed us to infer the foundational 
and structural integrity of Camino Real culverts and regulation dams located in Las Viboras 
stream drainage system.
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and sands, were deposited discordantly during the Plio-Pleistocene [7].

The top of the stratigraphic column is composed of interbedded sequences of coarse clastic 
sediments and fine grain materials transported from the more topographically elevated areas 
and deposited in the basins as alluvial, lacustrine or aeolian sediments. The basin fill is mainly 
Pliocene with some thinner quaternary units on top.

Basement units that outcrop in the nearby SDJ include the Cretaceous Cuchillo, Benigno, 
Lagrima and Finlay formations [8]. Each formation has very distinctive hydraulic and 
mechanical properties as a consequence of the compositional transitions between massive 
coral limestones (Benigno and Lagrima formations) to interbedded limestone-sandstone 
(Cuchillo) and limestone-shale (Finlay) formations that are less permeable.

In terms of geologic elements to provide structural support for proper dam foundation, 
emplacement and construction, the topographic closures flanked by competent rock units are 
present only in the highlands of SDJ. The best geological units, the massive limestone rock 
units are related to the Aurora group, which are the most competent. On the other hand, flaky 
shales (Ojinaga and La Casita formations) associated with Turonian and Tithonian horizons, 
respectively, should be avoided [8, 9].

3. Methodology

First, we used a precise light detection and ranging (LIDAR) derived digital terrain model 
(DTM) to determine watershed boundaries and update other physiographic elements for cal-
culations of surface hydraulic flow. We also modeled the flow conditions through bidimen-
sional hydraulic modeling of the Naviers-Stokes equations using the IBER software package 
to investigate how hydraulic structures such as culverts and earthen regulation dams are 
actually operating and why dangerous high velocity and turbulent flows are recorded down-
stream even in ordinary rain events. In addition, we also investigated the subsurface geologic 
setting by conducting high-resolution electrical resistivity tomography [10], which combined 
with seismic refraction and S-wave velocity studies [11], allowed us to infer the foundational 
and structural integrity of Camino Real culverts and regulation dams located in Las Viboras 
stream drainage system.
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The first step in this study consisted of modeling the hydrology of the watershed to esti-
mate the runoff volume transported by Las Viboras watershed drainage network for ordinary 
rains. Then, once the hydraulic flow was calculated, geological, geophysical and geotechnical 
studies were conducted at several structures.

3.1. Hydrologic modeling

To calculate the total runoff flow and water volume collected along the drainage network of 
Las Viboras watershed for ordinary events, we distributed a 2 YRP event, or 50% probability 
of exceedance rains in 24 hours, across the watershed. The watershed boundary was defined 
from a high resolution LIDAR 1 m × 1 m cell size DTM utilizing the software package Hec-
GeoHMS [12], which runs on the GIS software platform ArcGIS.

The watershed geometry, drainage network and the physiographic parameters: area (km2), 
slope (10–85%), length (m), concentration time (s) and lag time (s) were obtained from the 
Geo-HMS run and then validated by hand calculations. The runoff and/or infiltration were 
estimated applying the curve number (CN) method, also referred as “Soil Conservation 
Service (SCS) runoff Curve number” [13], which defines the rain abstraction or how much 
rain infiltrates into the ground in terms of the soil group, hydrological conditions and land-
use of the catchment area. Both the SCS CN and the impervious percentage were derived from 
high-resolution aerial imagery analysis and fieldwork. The precipitation-runoff transforma-
tion, hydrogram estimation and hydraulic parameters (flow and volume) at each hydrologic 
element were estimated as a result of the hydrologic simulation calculated from storm data 
for 2, 50, 500 and 10,000 YRP and physiographic parameters as input data into the HMS soft-
ware package [14].

3.2. Hydraulic modeling

Because of the complexity of Las Viboras arroyo system, we decided to apply two-dimen-
sional modeling to simulate arroyo hydraulics. The software utilized (IBER) for the calcula-
tions solves the 2D Saint-Venant equations [15] using the finite volume method, which relies 
on a nonstructured finite discretization of the terrain. The mesh representation obtained in 
this way allows the software to be able to represent almost any surface geometry, being able 
then, to model subtle river features. To perform the calculation, a 1 m × 1 m DTEM derived 
from LIDAR data was utilized, the hydrologic parameters were input as a rain hyetograph for 
2 and 500 YRP rain events, and bed roughness was modeled with manning roughness coef-
ficients. The results are a grid representation of the output parameters such as water depth, 
velocity, Froude number, etc.

3.3. Geoscience: geology, geophysics and geotechnical

Geological studies are traditionally applied to determine the best wall dam emplacement 
location based upon topographic conditions, water-tightness of the reservoir, slope stability 
along the reservoir perimeter and availability of construction materials. The emplacement 
depends upon the dam foundation requirements, which in turn, are a function of the type of 
dam, dynamic moduli of the soil such as strength and deformation, depth to foundation and 
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geohydrological properties such as permeability. In this case, since the Earthen Regulation 
Dams (ERD) were already constructed and information about their construction process is 
no longer available, geoscience approaches, mainly geophysical methods to determine geo-
technical parameters, were applied not only to infer foundation characteristics but also to 
reveal, in an indirect way, the structural integrity of the culverts and three dams. More spe-
cifically, three geophysical methods were applied: Electrical Resistivity Tomography, Seismic 
Refraction and multichannel analysis of seismic waves (MASW).

Multielectrode electrical resistivity tomography (ERT) is a geophysical method that allows 
the user to infer the subsurface conditions in terms of the electrical contrast existing between 
different subsoil and geologic units. The contrast relies primarily on the grain size, water 
and mineralogical content of the units [16]. Therefore, this approach is appropriated to infer 
conditions related to earthen dams and foundation [22]. The high resolution data were col-
lected along several profiles atop each dam’s crest. We used a Terrameter LUND System with 
electrodes connected every 2 m to a multicore set of cables attached to a selector switch that 
controls the injection of current and ground resistance readings in accordance with a pre-
determined acquisition protocol. The ABEM instrument computer automatically selects the 
current injection, which ranges from 200 to 500 mA. To obtain a reliable measurement of the 
ground resistance, 4 stacks per reading were averaged to obtain the actual recorded resistance 
value. The electrode arrays applied in the field were the Wenner and dipole-dipole configura-
tions. Details of these arrays can be found in Refs. [10, 19].

Once the data were collected in the field, the electrical resistance field for each layout was geo-
metrically corrected using the software package ERICGRAPH© [18]. The apparent resistivity 
pseudosections were then inverted using a robust L1 norm algorithm, which minimizes the 
sum of the absolute values of the resistivity field spatial variations in order to map lateral 
heterogeneities [10]. The inversion was then implemented with the computational package 
RES2DINV to obtain the true electrical resistivity field and true depth of penetration sections 
that gave the least possible error between the observed and calculated data.

Editing of the noisy data and half electrode spacing cell width was applied during modeling since 
the data showed high surface resistivity variations [19]. As a last processing step, the inverted 
data were corrected for topographic effects and converted into ASCII format to develop a geo-
graphically referenced geoelectrical database. This was further post-processed in Oasis Montaj 
to render a resistivity voxel to better visualize the underground electrical resistivity distribution.

Seismic studies were conducted because the elastic properties of soils and subsurface can be 
inferred by properly mapping both compressional and shear wave velocity fields [11, 20]. The 
dynamic moduli: shear modulus, Young’s modulus and Poisson’s ratio provide a characteriza-
tion of the soil-structure interaction and liquefaction potential of subsurface layers [20]. In this 
study, the seismic refraction lines were deployed with a geophone separation of 6 m, and the 
MASW lines with the same length, except for the culvert analysis, where a 3 m spacing between 
geophones were applied. The processing of the compressional velocity (Vp) field consisted 
in the picking of first arrivals observed at each shot gather [21]. Then a tomographic inver-
sion iterative process was applied to minimize the error misfit, since abrupt lateral variations 
were expected due to topographic and subsurface heterogeneities. For the S-wave dispersion  
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studies (MASW), the dispersion curve was extracted by analyzing all traces in a shot gather 
and applying the Tau-P transform to obtain a coherent energy section relating Vs with fre-
quency. The dispersion curve picked from the Vs-frequency spectra was then inverted for 
a 1D depth-velocity (Vs) model. By then applying this procedure from one shot gather to 
another and using a common mid point (CMP) mapping of the seismic energy, we were able 
to generate a 2D section representing the shear wave velocity field.

4. Results

4.1. Hydrology

One of the main results of the hydrologic analysis of Las Viboras watershed shows how 
the paving process, linked to the urban development, has negatively affected the hydraulic 
condition of this watershed, since almost all the rain volume is conveyed downstream as 
runoff as consequence of the increase in impervious surfaces. According to the hydrologic 
modeling parameters, this watershed has a catchment area of 22 km2. It is intended to be 
hydrologically protected by four regulation structures: The Pico del Aguila dam, regulat-
ing the north branch runoff flowing down from the SDJ, the Puerto La Paz dam, regulat-
ing volumes from the central branch of Las Viboras drainage system, La Fronteriza dam, 
regulating flow from the south-central and southern branches of Las Viboras and El Filtro, 
regulating upstream flow on the southern branch of Las Viboras. As consequence of the 10 
YRP event of 2006, La Fronteriza dam failed by overtopping. It is now breached to avoid 
water accumulation since the dam is structurally compromised. The El Filtro dam, located 
upstream, was then emplaced to temporarily regulate the southern branch runoff, thus 
decreasing the hydrologic pressure downstream. We modeled each hydraulic structure, 
including Earth Regulation Dams and culverts, to determine their hydraulic operation, 
including storage, pool elevation, inflow and outflow. The dams were analyzed for ordi-
nary rains (2 YRP) up to extreme events (10,000 YRP), whereas culverts were analyzed for 
500 YRP rain events. The hydraulic operation for each dam for 500 YRP and 10,000 YRP 
rains is shown in Figure 2.

4.1.1. Culverts

The natural drainage system of the Sierra de Juarez was modified as consequence of the con-
struction of the transmountain road, El Camino Real, in 2008. In the area covered by the Las 
Viboras system watershed, there are 10 culverts to allow runoff to freely flow downstream. 
The slopes of those structures are greater than 3%, and depending on the flow, they are either 
pipelines or concrete rectangular structures with a cross section of 4.5 m × 4.5 m. The hydro-
logic analysis of the culverts showed that they operate satisfactorily up to rain events of 500 
YRP. However, the culvert located at the discharge of the El Filtro dam shows that down-
stream of El Camino Real, the discharge channel makes a very sharp turn, almost 80° to the 
north. Two-dimensional hydraulic modeling is required to determine if there is a hydraulic 
jump as a consequence of the sharp channel geometry.
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Figure 2. Models of hydraulic operation of dams for 500–10,000 YRP. The results were obtained by 1D hydrologic 
modeling.
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4.1.2. ERD Pico del Aguila

The Pico del Aguila dam has both a riser spillway and emergency spillway. The outlet pipe-
line has a diameter of 75 cm. The dam crest reaches an elevation of 1221.50 m above sea level 
and the maximum impoundment capacity is 61,226 m3. The GEOHMS model shows that the 
total catchment area for this hydraulic structure is 2.11 km2, and the model results indicate 
that this structure operates properly for ordinary rains and extraordinary rain events of up to 
500 YRP with a freeboard of 1.55 m. However, for extraordinary or extreme events, such as 
the 10,000 YRP, the hydraulic operation is seriously compromised since the water flow would 
overtop the dam’s wall, eventually breaching the structure.

4.1.3. ERD Puerto La Paz

This regulation dam is designed to regulate the runoff volumes moving downstream from the 
southern central part of the highlands of Las Viboras system, which are located at the scarped 
flanks of the Sierra de Juarez. The results of the hydrologic run show that the dimensions of 
the reservoir and wall of this regulation dam are able to operate satisfactory up to a 500 YRP 
rain, with a freeboard of 1.55 m. However, the analysis for a 10,000 YRP rain with full res-
ervoir indicates that the structure will be overtopped by the water volume. Thus, the dam is 
not hydraulically operating properly according to Mexican law, which requires that any dam 
should be able to transit a hydrogram corresponding to a 10,000 YRP runoff, assuming that 
the reservoir is full. In spite of this failure in hydrological safety of the Puerto La Paz dam for 
extreme events, the structure can very efficiently handle ordinary rains.

4.1.4. ERD El Filtro

This structure is not even a dam since it lacks a riser spillway, emergency spillway and outlet. 
This structure is just a pile of dirt and pieces of rock obtained from the materials excavated during 
construction of El Camino Real that were piled up at the pilot channel and berms of the stream. 
Although this structure has retained water from ordinary rains not exceeding 5 YRP, it eventu-
ally drains out through the interstitial spaces of the rocks that were piled up to form the embank-
ment. The elevation of this dam reaches a height of almost 13 m above the main stream channel. 
The hydrologic analysis of this structure shows that is capable of retaining water volumes for 
rains up to 100 YRP, but is overtopped in a 500 YRP event. If this occurs the structure will dra-
matically be breached causing major flooding downstream. This structure was intended to be a 
temporary solution due to the lack of water regulation downstream as a consequence of the La 
Fronteriza dam failure in 2006, but its poor construction and the lack of an emergency spillway, 
makes this structure a manmade hazard that jeopardizes life and property downstream.

4.1.5. ERD La Fronteriza

La Fronteriza dam was designed to regulate runoff volumes from the SDJ and avoid flood-
ing-related problems downstream. This dam has a wall with a design height of 12 m from 
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the stream’s pilot channel to the dam crest. It has a riser spillway, outlet and an emergency 
spillway. The emergency spillway is no longer in use since several years ago poorly planned 
urban development allowed the construction of houses on top of the emergency channel. The 
original design storage volume of this dam was 300,000 m3, but sediment transport and accu-
mulation has severely reduced its storage capacity by up to 90,000 m3 [3]. This structure failed 
by overtopping in 2006, when a 10 YRP rain occurred in the metroplex area. The spill over the 
crest was the consequence of the diversion of one tributary stream of the southernmost branch 
of the Arroyo Colorado. The water flow was diverted and connected downstream through a 
structure known as “La Gasera,” which is a diversion wall and channel. The extra volume 
received by the La Fronteriza dam during the 2006 rain, coupled with the reduction of storage 
capacity due to sedimentation, resulted in the overtopping failure of this structure. Following 
this event, the dam’s wall was intentionally breached with a channel with a hydraulic section 
and slope capable of transporting water flowing at rate of up to 70 m3/s, as revealed by the 
hydrologic analysis.

4.2. Hydraulics

The bidimensional hydraulic modeling we carried out consisted of modeling two distinct sce-
narios. First, the November 4, 2016 rain, associated with a 2 YRP, was modeled. Once several 
pitfalls were identified in the ordinary rain modeling and hydrological results, a second rain 
scenario was modeled with a design storm associated with a 500 YRP rain event. The 500 YRP 
event would generate, according to the 1D hydrologic modeling results, a breaching scenario 
for El Filtro dam. This second scenario was designed to simulate the breaching or failure of El 
Filtro to evaluate both El Camino Real culvert operation and downstream effects.

The main result for the 2 YRP modeling showed the lack of water regulation at La Fronteriza 
dam is a relative concept since the width of the reservoir prevents all water from flow-
ing freely downstream through the channel at 70 m3/s, recording reservoir depths up to 
2 m even for ordinary rains (Figure 3(a)). Nevertheless, this regulation is not sufficient 
since this drainage network branch is still the major contributing factor to the nearly 1 m 
water depths reached downstream of this location. In the same way, the bi-dimensional 
model at Pico del Aguila dam shows that this structure is properly regulating, reaching 
water depths of up to 1.60 m behind the dam. This is also the case for the Puerto La Paz 
dam, where runoff volume is properly regulated reaching depths of 1.80 m (Figure 3) 
behind the dam. Although this combined runoff flow regulation effectively diminishes 
the rate of water flowing downstream along this tributary stream, water depths of 0.40 m 
are still reached before the intersection of Las Viboras drainage with the RGR (Figure 3). 
This analysis also indicates that El Camino Real’s culverts are retaining water, even for a 
50% PE rain; a result not anticipated by the HMS modeling (Figure 3). Then, El Filtro dam 
is retaining, rather than regulating, a water volume flowing from the southern tributary 
watershed with a catchment area of nearly 6 km2. For heavier rains it is anticipated that 
this poorly constructed wall, lacking riser spillway and emergency spillway or outlets may 
fail, perhaps just increasing the hydrologic risk rather than reducing it as forecasted by the 
HMS modeling results.
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Figure 3. The results of 2D hydraulic modeling. (a) Water levels at Pico del Aguila and Puerto La Paz dams. (b) Water 
levels at culverts along El Camino and at La Fronteriza Dam. (c) Water levels at El Filtro Dam. (d) Velocity (i) and celerity 
(ii) results, (iii) turbulent flow at Las Viboras delivery point into Rio Grande River, photo taken by Azteca Noticias news.
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The velocity and celerity analysis downstream of Las Viboras system for a 2 YRP even shows 
that after the tributary and main channels have joined the flow velocity is high, recording 
values of 4 m/s (Figure 3(i)). The celerity analysis resulted in Froude number is greater than 
1 (Figure 3(ii)), thus a high velocity turbulent flow is present at Las Viboras’ delivery point to 
the RGR. This is a consequence of the lack of proper regulation at the main channel due to the 
non-operational condition of La Fronteriza dam. The turbulent flow was the hydraulic feature 
that caused major damage in November 2016, causing severe economic and loss of life, not as 
consequence of an extreme rain event linked or related to climate change, but for an ordinary 
rain event with a 50% likelihood to occur yearly.

The second hydraulic scenario corresponds to El Filtro dam breaching for a 500 YRP event. 
The results are consistent with the hydrology, resulting in a runoff volume of 260 m3/s flow-
ing through the simulated breach. This volume shows that the 4.5 × 4.5 m culvert located 
downstream is not able to efficiently conduct the flow (Figure 4), yet the 1D calculations 
showed it as capable of transporting 360 m3/s. The hydraulic jump generated at the upstream 
culvert opening reaches depths of 12 m, so that El Camino Real’s embankments act as a regu-
lation dam, albeit they are not designed to do so. The detailed bi-dimensional modeling of the 
breached El Filtro dam-culvert system, also shows that the closed turn of the channel at the 
downstream culvert outlet produces turbulent and erosive velocities which are scouring the 
diversion wall of “La Gasera” located only 35 m to the north (Figure 4). As consequence of 
these results, the system was modeled again for a 2 YRP, but with the hypothetical scenario 
of removing El Filtro dam. The results show dramatic downstream effects; the downstream 
culvert is completely overtopped with water depths of 4 m both sides of the culvert, whereas 
water depths increase up to 2 m for the last branch of the drainage network. To conclude the 
hydraulic analysis, field work was conducted to identify erosional features such as gullies at 
the slope toe of “La Gasera” wall. The result was even more complex than predicted by the 
model; the wall scouring process related to several ordinary rain events show that the culvert 
is partially occluded with debris scoured from the wall. The hydraulic jump caused by the 
occlusion at the culvert outlet is recorded by water depths of nearly 3 m, as shown by a water 
line traced upstream across the culvert passage (Figure 4).

4.3. Geotechnical assessment

Hydrological analysis is not the sole criteria to determine if a regulation dam is operating 
safely. Structural analysis is a key factor to provide an assessment of the structural integrity of 
the wall and foundations. Several methods were applied in this study to do this. First, a visual 
inspection of the wall showed very evident fractures and vertical displacements along the 
wall. This was followed up with other geological and geophysical analyses outlined below.

4.3.1. Pico del Aguila

A geological reconnaissance was carried out along the wall and reservoir perimeter. This 
showed no presence of solid bedrock, but only a tertiary polymictic conglomerate composed 
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the wall and foundations. Several methods were applied in this study to do this. First, a visual 
inspection of the wall showed very evident fractures and vertical displacements along the 
wall. This was followed up with other geological and geophysical analyses outlined below.
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showed no presence of solid bedrock, but only a tertiary polymictic conglomerate composed 
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Figure 4. Hydraulic modeling results for the breaching of El Filtro dam. Inset (a) Water depth. Inset (b) Froude number. 
Inset (c) Velocity. Inset (d) Cross section showing how El Camino Real acts as retaining wall.
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of interlayered beds of sand, gravel, silts and clays [17]. Also, a visual inspection of the wall 
showed the presence of a displaced block in the vicinity of the spillway. This block is readily 
identifiable, even in recent satellite imagery. No fractures and/or cracks were observed else-
where. The geoelectrical analysis (Figure 5) of the wall and foundations revealed that, in gen-
eral, inside the wall body, an interbedded sequence of high, low and high resistivity values 
are observed. At depths greater than 10 m beneath the wall the structure seems to be resting 
on a foundation with high electrical resistivity. The electrical resistivity layers do not show 
a quasi-horizontal and homogeneous pattern. Layers are actually updipping between model 
coordinates (MC) 70 and 120 m. At 130 m along the profile, a low-resistivity vertical anomaly is 
identified at the base of the wall. From 140 to 200 m MC the layers are down dipping. Beyond 
200 m MC another vertical low-resistivity anomaly is observed. Besides showing a lower range 
in resistivity values, this anomaly is vertically propagated across the whole wall at MC 230 m. 
This resistivity anomaly matches the location of the vertical down dropped block observed 
at the surface, atop of the wall crest. Finally, by the end of the section, the layers beneath the 
emergency spillway are quasi-horizontal, until a new vertical low-resistivity anomaly is found 
again at MC 265 m.

The seismic data collected along this structure is a set of two refraction lines that were concat-
enated. The final Vp seismic section is displaced respect to the electrical tomography by 50 m, 
meaning that the seismic starts at MC 50 m on the geoelectrical section. The compressional veloc-
ity field (Figure 5, center) shows the presence of a very low velocity layer of 400 m/s along the 
whole seismic line, except at MC 140 m where this layer pinches out. The velocity field shows 
layers with velocities ranging between 400 and 600 m/s from the surface to 8 m in depth. Below 
this depth a nearly quasi-horizontal layer of 650 m/s bears the foundation of the wall. The seismo-
stratigraphic pattern observed within the wall body (depths from 0 to 8 m) is characterized by 
the presence of quasi-horizontal layers pinching out into a high velocity structure found at the 
middle of the section with values ranging between 600 and 700 m/s where the isovelocity con-
tour of 600 m/s reaches depths of only 3 m. No direct probing has been done at this structure to 
validate these nondirect methods and to assign these geophysical layers specific lithological and 
geotechnical parameters .

4.3.2. ERD Puerto La Paz

The geological reconnaissance of the topographic closure revealed no presence of bedrock 
flanks to anchor the structure. Actually, the only geologic unit identified both in the wall 
flanks and along the reservoir perimeter is a tertiary-age polymictic conglomerate composed 
of interlayered beds of sand, gravel, silts and clay [17]. Geophysical analysis of the wall and 
foundations through ERT (Figure 6, top) revealed that inside the wall body the strata are ver-
tically displaced, as indicated by the undulating contact horizon geometry. The dam appears 
to rest on top of a very low resistivity (<8 ohm-m) non-homogeneous body located at 10 m 
depth. The seismic refraction analysis (Figure 6, middle) shows a vertical gradient in com-
pressional velocities ranging from 350 m/s at the top of the wall and 700 m/s at the bottom 
of the originally designed wall that had a height 10 m above the river channel [1]. At depths 
greater than 10 m from the wall top, the velocity field reveals a ca. 800 m/s structure. This 
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Figure 5. Geotechnical and geophysical assessment results at Pico de Aguila EDR. Top image: geoelectric profile. Middle 
image: Vp Refraction profile. Bottom image: interpreted results. Inset map at bottom shows location of geophysical 
surveys relative to extent of dam.
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Figure 6. Geotechnical and geophysical assessment results for the Puerto de Paz dam. Top image: geoelectric profile. 
Position of soundings are indicated relative to dam are indicated. Middle Images top: Vp Refraction profile. Bottom 
image: Vs profile. Bottom left shows direct probing soundings. Bottom right shows geophysical and geotechnical survey 
locations with respect to the dam.
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feature matches the depth and location of the low resistivity (<8 ohm-m) body observed in 
the ERT profile. The Vs section (Figure 6) does not show the same behavior observed in the 
Vp field, i.e., a positive velocity gradient as function of depth. The S-wave velocity (Vs) field 
shows a 270 m/s low shear velocity zone (LVsZ) located between depths of 6 and 10 m. The 
velocities above the LVsZ range from 360 to 380 m/s. The velocity field increases from 360 m/s 
at a depth of 10 m to 420 m/s at 20 m in depth. The Vp/Vs and Poisson’s ratios are respectively: 
1.66 and 0.22 at depths of 4 m, 2.2 and 0.37 at the LVsZ and 2.34 and 0.39 at 10 m in depth.

Although direct soundings are available to validate the geophysics, there is only one sound-
ing located atop the wall, and the maximum depth reached is 7 m. This sounding reveals that 
the materials that form the wall are mainly silty sands. The load capacity parameter N from 
the standard penetration test (SPT) starts at 16 at the top of the wall and decreases to 7 at 3 m 
in depth, increases up to 38 blows at 4.5 m and decreases again to 28 at a depth of 6 m. Another 
sounding is also available at the right shoulder of the wall. This sounding shows the presence 
of silty sands forming the body of the wall, but since this sounding goes deeper, it records 
plastic clays at the bottom of the dam wall, which corresponds to the resistivity values of less 
than 8 ohm-m observed at these depths.

5. Discussion

5.1. ERD Puerto La Paz

The regulation dam Puerto La Paz is hydrologically capable of handling rains up to 500 YRP, 
but is hydraulically compromised for a 10,000 YRP volume since the emergency spillway flow 
exceeds the required freeboard of at least 0.91 m, as required by the Bureau of Reclamation 
and Mexican law. Although this dam seems to be able to handle runoff volumes even for non-
ordinary rains, its structural condition, as revealed by the geotechnical assessment through 
geoelectrical, seismic studies and direct soundings, is seriously compromised. The wall’s foun-
dation rests on top of a thick plastic clay layer which seems to have experienced differential 
loading effects resulting in the wall’s very poor condition observed at surface. Furthermore, 
the tomographic geoelectrical profile (Figure 6) shows quasi-vertical strata displacements 
matching the displacements observed at surface. The most evident displaced layer is a high 
resistivity unit of 200 ohm-m atop a very low resistivity unit (<8 ohm-m) interpreted as plas-
tic clay as a result of the correlation of the direct soundings with geophysics. Therefore, this 
structure poses a serious hydrological hazard, which combined with the overpopulated, low-
income neighborhoods located downstream, significantly increases the risk as a consequence 
of population vulnerability.

5.2. ERD Pico del Aguila

Although no direct geotechnical data are available for this dam, the geological scenario, which 
is similar to the Puerto La Paz (PLP) dam since it is located only 1 km from Pico del Aguila, 
allows us to make a correlation of electro-stratigraphic and seismo-stratigrafic units with 
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 specific lithologies found by direct exploration at the Puerto La Paz (PLP) dam. The inter-
preted lithological section (Figure 5, bottom image) shows that the body of the wall would be 
then composed of an interlayered sequence of silty sands associated with resistivities greater 
than 200 ohm-m. The interbedded stratum with resistivity values between 15 and 60 ohm-m 
is associated with a sandy clay unit. A nearly vertical high resistivity anomaly, located at M.C. 
90 m, is perhaps associated with the presence of an abandoned concrete sewer line emplaced 
across the dam´s body. Foundation of the dam is resting on a very high electrical resistive 
package (>1000 ohm-m) associated with clean sands and or gravel. Seismically, the interbed-
ded sequence is not observed, but this might be a limitation of the method, unable to model 
velocity inversions [21]. But in contrast, a positive velocity gradient, starting at 350 m/s at the 
surface and increasing to over 700 m/s at the wall bottom, is observed in the velocity field. 
The Vp values at the foundation horizon are then defined by the 700 m/s isovelocity contour, 
interpreted as associated with Tertiary sediments composed by sand and gravel, which makes 
it a competent strata. Although the foundation layer is competent, the presence of the highly 
warped region of 600–700 m/s Vp velocities in the middle of the seismic section, reveals that 
the material forming the body of the wall was severely perturbed by deformation and move-
ment. These materials appear to have been re-emplaced and compacted “a-posteriori.” This 
process definitely does not lead to proper linkage or anchoring of the original layering to 
the recently emplaced material. This feature must be considered a serious flaw, which seri-
ously compromises the structural integrity of the wall. Furthermore, the quasi-vertical low 
resistivity anomalies indicate clay bodies are intruding the structure in as similar fashion to 
that observed within the Puerto La Paz dam wall. Although no direct probing of the material 
is available, these inferred clay structures compromise the structural integrity of the wall, as 
evidenced by cracks and openings propagated along the wall slope at the same location as the 
clay bodies that are revealed by the geoelectrical data.

6. Conclusion

The geological, geophysical and geotechnical assessment of El Camino Real road culverts and 
dams revealed that, as expected, El Camino Real structure is not designed to prevent internal 
erosion; that the Puerto La Paz and La Fronteriza dams were severely compromised and it 
was definitively necessary to breach them. The El Filtro dam is also structurally compro-
mised and poses a major danger if a 500 YRP event occurs again. This analysis also showing 
that the Pico del Aguila dam is structurally compromised. Finally, the 500 YRP modeling of 
Las Viboras watershed under actual conditions reveals that El Filtro dam would be breached 
due to hydrostatic pressure and overtopping. Hence, the risk for a 500 YRP event is severely 
increased downstream as consequence of failure of the dam.

In terms of risk, if we consider the risk function as defined as the concatenation of three ele-
ments: conditional elements, triggering elements and vulnerability [23], then the structur-
ally compromised dams, geology and abrupt topography are the conditional factors, whereas 
the extreme and ordinary hydro-meteorological events are the triggering elements. On the 
other hand, the overpopulated neighborhoods represent the vulnerability element, which all 
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together define Las Viboras specific risk function. On this point, this study has detailed proven 
that from a structural and hydrological point of view, the hydraulic operation of earthen 
regulation dams is seriously compromised for any rain event (not necessarily an extreme rain 
event). Then, the hazard function resulting from joining conditional and triggering elements 
is high. This hazardous condition, linked to the overpopulated neighborhoods, with more 
than 30,000 people, located downstream of Las Viboras dams, constitutes and even higher 
risk function. While Las Viboras Dam is perhaps the most complicated watershed in terms of 
flooding, the vulnerability element (people), should be analyzed for the whole Juarez-El Paso 
Metroplex system, with nearly 2 million people. Then, although each watershed is modeled 
independent, the final results should be portrayed including the system as a whole, consider-
ing three key elements:

(1) Modeling and design of hydraulic infrastructure with 1000 YRP rains as consequence 
of climate change effects, which have shortened the occurrence interval for heavy rain 
events.

(2) Anapra basin drainage outlets directly into the Rio Grande, posing a risk not only for 
Las Viboras population but also for El Paso downtown area if a heavy rain event occurs, 
since the RGR is not going to be able to handle this runoff coupled with runoff from other 
regions upstream.

(3) The hydrologic effect of a planned ~10 m high border wall that will be placed on the 
United States river bank to decrease the flow of undocumented immigrants from Mexico 
also needs to be examined.  It is likely to prevent flood water from reaching downtown El 
Paso, but will increase the flooding risk to Mexico as water will be deflected into down-
town Juarez.  In addition, if the border wall is not designed as a water retention structure 
capable of bearing hydrostatic load, then failure of the wall in an extreme rain event could 
be catastrophic for El Paso.

In terms of resilience, we adopted the socio-hydrologic resilience framework [24], since it 
incorporates the interaction between social and hydrologic elements as a system, considering 
not only the effect of human activity on the hydrologic ecosystem but also the impacts of the 
hydrology on the society. The socio-hydrologic resilience is then more precisely defined as a 
function of three system´s capacities: absorptive or tolerance capacity, adaptation or response 
capacity and transformation or ability to change capacity. Once a more detailed ad hoc resil-
ience definition was available we compared the tree capacities for two specific tempo-rain 
scenarios for Las Viboras system: 2006 with a 10 YRP and 2016 with a 2 YRP.

In 2006, for a 10 YRP, the resilience function, shows how the manmade diversion of the 
Colorado River at La Gasera wall, stimulated a undesired hydrological adaptation of the sys-
tem that caused severe erosion paths due to the nearly 90° deflexion channel curvature at La 
Gasera wall, and an excessive storage volume that resulted in an overtopping failure of La 
Fronteriza Dam in 2006. The other hydraulic structures at Las Viboras system operated sat-
isfactorily. Therefore, we may conclude that the socio-hydrologic resilience function in 2006 
was nearly enough for a 10 YRP rain event. This means that even though the system did not 
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fully absorb the rain event, it certainly buffered it with a satisfactory rain-runoff conversion. 
In terms of the nonanticipated system adaptation, widening channels and erosion were prop-
erly absorbed too, but not the excessive transported volume of water that overtopped a dam. 
Thus, the transformation capacity (i.e., ability to change with infrastructure) operated nearly 
properly by compensating, maybe on the safety edge, but still properly, since no problems 
were reported downstream, although La Fronteriza dam’s breaching risk was imminent once 
it started to overtop.

In 2016, the presence of the Camino Real with sub-dimensioned culverts, the non-operational 
condition of La Fronteriza Dam and the structurally compromised Puerto La Paz, Pico del 
Aguila and El Filtro dams constitute a decrease in the transformation capacity. The absorp-
tion or tolerance capacity has also decreased since paving process has increased impervi-
ous surfaces. Then, if transformation and absorption capacities have been diminished, the 
hydrologic adaptation of the system has resulted in 2016 in very negative effects that were 
not present on the susceptibility inventory in 2006. First, erosion of materials of the down 
slope of La Gasera wall has nearly blocked the Camino Real culvert downstream of El Filtro 
dam and culverts along the Camino Real are retaining water as shown by the 2D modeling 
even for ordinary rains. La Fronteriza dam´s lack of regulation conveys high water volumes 
of water and sediments from a nearly 4 km2 watershed. This resulted in water depths reach-
ing 1.4 m at Las Viboras highly urbanized discharge area. High velocity and turbulent flows 
were present downstream along the whole main stream. The turbulent flow has practically 
mechanically destroyed the once claimed “water resistant” hydraulic concrete road surface 
near the watershed outlet, because this concrete can bear laminar flows but not the mechani-
cal stress superimposed by turbulent flows. Also, the non-laminar flows and high transport 
velocities of heavy sediment loads resulted in the mechanical destruction of the underground 
sewer line with an immediate cost of nearly 25 M USD. And finally, not only property loss has 
been reported as consequence of high velocity and turbulent flows but also life loss, since two 
people were killed by or as consequence of the November ordinary rain event.

In summary, Las Viboras System was considerably less sociohydrologic resilient in 2016 than 
in 2006. This is a direct consequence of a multifactorial function where the poor local gov-
ernance is the common denominator. In other words, the almost non-existent maintenance 
hydraulic structures maintenance, poor urban planning (i.e., developing even more house 
complexes downstream) and the lack of political will and compromise to foresee the need of 
hydraulic infrastructure in major city that is prone to flashflooding, have resulted in zero lob-
bying to access available federal resources. Thus, as consequence, this watershed is not even 
able to properly manage 2 YRP runoff volumes. This means that socio-hydrologic resilience 
function is practically null, since even ordinary rain events claim property and life loss.

This diagnosis reveals that the solution for this watershed is to increase the socio-hydrologic 
resilience by focusing on the transformation capacity, rather than in the absorption and the 
long-term adaptation capacities. Three dams have to be constructed upstream of the current 
dams’ locations.  These new dams would be located between highly competent rock flanks 
and rock basement to ensure structural stability, in order to warrant hydrological regulation 
and  retention of fine grained, water suspended sediments. These three dams would replace 
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El Filtro dam, which is more a risk than a protection, and the non-operational La Fronteriza 
dam, which should not be rebuilt at the same location due to the high volumes of sediment 
that have severely diminished its storage capacity. The Pico del Aguila dam, although work-
ing properly for ordinary rains, should be rebuilt with an emergency spillway to transit the 
hydrogram peak associated with a 10000 YRP rain; this will ensure its hydraulic and struc-
tural safety.  The Puerto La Paz dam is completely ruined, with evident gullies exposed at 
the surface and internal erosional features and a poor foundation as revealed by geophysi-
cal methods. However, based on hydrological considerations, a new dam is required in the 
same area. The geophysics carried out at the containment area has revealed that competent 
Tertiary conglomerates lacking plastic clays are located 100 meters upstream. 1D modelling 
of the hydrology with the wall displaced 100 m upstream shows that the structure would still 
be able to store and regulate volumes associated up to a 1000 YRP event and safe transport 
of water from a 10000 YRP event if a proper emergency spillway is emplaced. This technical 
solution is the key component for the system to change to an equilibrium or resilient condi-
tion. Finally, absorption capacity should be increased or at least preserved with the design of 
a resilient master plan for urbanization for the whole watershed.  In addition, the adaptation 
capacity should be viewed not only as the response of the system under change or stress 
conditions, but also as the ability to learn from previous flood events and understand that 
the socio-hydrological system is a two-way road.  If we impact the hydrology, the system 
response will have a later impact on society, so a great effort focused on education and out-
reach is definitely necessary to insure increasing resiliency to flash flooding events.
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Abstract

In this chapter, an attempt is made to review the behavior of flood in Asian region and 
mechanism of flood risk management adopted among Asian nations. Flood is the most 
frequent natural disaster at present and vulnerability is widespread across the globe. 
Though, Asian region is on a knife-edge. Distribution of natural disasters in Asia fol-
lowed by economic damage and human killing is illustrated in this chapter. In addi-
tion, discourse of China, Pakistan, India, Bangladesh, Indonesia, Nepal, Vietnam, and Sri 
Lanka on flood risk management is examined. Flood risk management policies framed 
by these nations over the period of time are synthesized. Research and investment on 
forecasting, planning, preparedness, assessment, evaluation, and mitigation of flood risk 
are explained. This synthesis can present a pathway for better response and flood man-
agement for debated Asian countries through filling the identified policy gaps. This chap-
ter also urges a need of holistic and inter-countries research and cross country analysis 
followed by increased funding for sustainable management of risk.

Keywords: floods, vulnerability, risk management, policy, research

1. Introduction

Overflowing of water in dry land is generally known as flood. Intergovernmental Panel for 
Climate Change explained that flood is the situation of water overflow or the excessive accu-
mulation of water on specific areas which are not submerged usually. Flash floods, river 
floods, urban floods, coastal floods, and sewer floods are different forms of floods usually 
prevail subject to varying mechanism. Fundamentally, risk of flood may prevail anywhere. 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Flood can befall when riotous amount of water arches across a piece of land. The source of 
water may be river, lake, or the sea. If there is a hole in a defense built to hold water, it could 
also bring flood. Furthermore, flood may prevail pertinent to excessive rains and profligate 
melting of glaciers. Erratic weather patterns have become a prime reason behind flood occur-
rences as well. Researchers endorse precipitation as significant determinants of intermittent 
climate. Threshold for flood occurrence upsurges with annual rise in average rainfall.

Flood is an outcome of climatic changes (Table 1 reflects climate change analysis of different 
countries) and influenced by climatic determinants vis-à-vis temperature patterns (fast melt-
ing of ice in case of rise in temperature, snow, soil freezing when temperature goes low) and 
precipitation (duration, intensity, frequency, timing, form-snow or rain) [1]. Brakenridge et 
al. [2] were of the view that chances of flooding increases if river is close to sea level. Floods 

Country Impacts

Vietnam Copsey et al. [4] presented that humans are in notice of climatic variations. Temperature is on 
continuous rise, and rainfall patterns are less predictable now. People residing around Central Coast 
and Red River Delta have discerned high intensity of extreme weather events.

Bangladesh Cyclones and numerous floods hit Bangladesh since past due to ever increasing sea level. People are 
experiencing high temperatures, less rainfall and erraticness of weather as compared to last decade. 
Unpredictable weather is posing serious threats to loss of resources and livelihoods. Indian dams, 
urban growth, industry development and farming practices are surpassing impacts on climate [5].

India High temperature, less rainfall and erratic behavior of weather patterns are prominent in Indian states. 
Water shortage has become major concern for India as compared to other allied Asian nations. This 
acute shortage is directly or indirectly associated with climate change. Majority of Indians is feeling 
extreme weather patterns and on verge of climate-related risks [6].

Sri Lanka Sri Lanka is seriously vulnerable to enhanced intensity of floods, droughts, landslides, erratic rains, 
increased temperature and abrupt sea level rise. The vulnerability is in direct connection with climate 
change [7].

Pakistan About half (44%) of people in Pakistan have experienced climate change impacts. The percentage 
is much higher than any other Asian nation. Increased temperature, unpredictable rains, elevated 
extreme weather events and augmented infestation of pests and mosquitos are some outcomes from 
climatic severities. Inconsistent rain is affecting crops and access to water for drinking and irrigation 
is downsizing. Upwelling of pests and mosquitoes is affecting agriculture and health of humans and 
animals as well [8].

Nepal Nepal is fronting rise in temperature and less predictable rains. Likelihoods of floods and droughts 
have been increased in last decade. People are in agreement that climate is changing. These changes 
are bringing significant decline in farm productions. Human health is also vulnerable to adverse 
impacts of climate change [9].

China In China, people discerned upturn in temperature, erratic rains, and extreme weather events. One-fifth 
(20%) people perceived that impact of climate change is high, though the percentage is lower among 
all Asian nations. People from Nanchong and Sichuan provinces reported a wide increase in rainfall 
and an enormous fall in agricultural productivity [10].

Indonesia Plantation of trees and population of animals has decreased. People are of the view that climate has 
been changed. They believe that weather is hotter and less predictable now. Frequency, intensity, and 
patterns of rains have been transformed with sudden increase somewhere while abrupt decline in 
other areas [11].

Table 1. Climate change impact analysis in different Asian countries.
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sway by basin drainage conditions like preexisting level of water in river followed by ice 
or snow cover, status and characteristics of soil (moisture contents in soil and permeabil-
ity), existence of dams and reservoirs, and urbanization rate in the region. Hasty failures of 
impeding structures evolve floods, landslides, and compact conveyance channel of water [3]. 
Abiding rains, reckless melting of glaciers, and mounting temperature are widely debated 
flood risk sources. Consequently, each year, floods of varied magnitude and scale prevail 
in different parts of the world. Floods prevailed in India, China, and Pakistan in mid-2010 
memorizes a damage of unprecedented scale. Colombia and Australia were reported victims 
to devastating flooding in the same year. Many other countries including Uganda, Namibia, 
Mozambique, South Africa, Mexico, Columbia, Brazil, United States, China, Korea, Pakistan, 
India, Thailand, Philippines, and Cambodia witnesses high material damage and causali-
ties associated to floods [3]. In 2012, “killer floods,” inducing more than 50 fatalities each, 
occurred in Madagascar, Niger, and Nigeria in Africa; Bangladesh, China, India, North and 
South Korea, the Philippines, and Russia in Asia; and Argentina, the United States, and Haiti 
in America.

2. Floods in Asia

Asia is on the verge of natural disasters and has witnessed numerous disasters with devastat-
ing impacts. During 2015, about 62.7% of total global disasters were recorded in Asian region. 
Approximately 167 natural disasters were recorded in Asia during 2015 which is far greater 
than the natural disasters (155) occurred during the period of 2005–2014. Among disasters, 
meteorological disasters appeared raised up to 30% as compared to period of 2005–2014. 
China, Indian, Philippines, Indonesia, and Pakistan were the countries major hit by natural 
disasters with average disasters of 45, 36, 21, 15, 10, and 10, respectively. On an average, these 
countries faced 55% of total natural disasters prevailed during 2015. More or less 69 million 
people were affected from reported disasters across the Asia. However, annual average of 
victims appeared lesser than average (158 million victims) during 2005–2014. It may be con-
cluded that with the passage of time, frequency of natural disasters is on the rise, which may 
be more elevated in the forthcoming years.

A number of researchers [12–15] are in agreement that Bangladesh, China, and India are more 
vulnerable to natural disasters due to their geographical locations and extensive human and 
material losses could be anticipated. Bangladesh is the most flood prone country among allied 
Asian nations. Bhutan, Indonesia, Pakistan, Papua New Guinea, Sri Lanka, Thailand, Timor-
Leste, Uzbekistan, and Vietnam were declared most vulnerable countries in Asian region by 
Asian Development Bank [16]. Ministry of Environment and Forest [17] reported that flooding 
is a usual and recurrent phenomenon in Bangladesh because of river overflows, poor drainage, 
and erratic monsoonal rains. Floods of 1987, 1988, and 1998 inundated more than 60% area of 
Bangladesh. Flood of 1998 in isolate caused 100 deaths and left 30 million people homeless.

India is collateral to Bangladesh in case of vulnerability to floods. Forecasting is in favor that 
by 2080, Mumbai city will be three time more vulnerable to floods [18]. During July, 2005, 
Mumbai city faced 944 mm of rain around 24 hours [19]. This flooding exhibited  significant 

Understanding Flood Risk Management in Asia: Concepts and Challenges
http://dx.doi.org/10.5772/intechopen.69139

179



Ye
ar

s
T

op
 1

0 
co

un
tr

ie
s 

by
 n

um
be

r o
f n

at
ur

al
 d

is
as

te
rs

 o
cc

ur
re

d 
(2

00
6–

20
15

)

1
2

3
4

5
6

7
8

9
10

20
06

C
hi

na
U

S
In

di
a

Ph
ili

pp
in

es
In

do
ne

si
a

A
fg

ha
ni

st
an

V
ie

tn
am

Pa
ki

st
an

Ba
ng

la
de

sh
R

om
an

ia

20
07

U
S

C
hi

na
In

di
a

In
do

ne
si

a
Ph

ili
pp

in
es

Pa
ki

st
an

Ja
pa

n
M

ex
ic

o
A

lg
er

ia
H

ai
ti

20
08

C
hi

na
U

S
Ph

ili
pp

in
es

In
do

ne
si

a
In

di
a

V
ie

tn
am

C
ol

om
bi

a
K

en
ya

Th
ai

la
nd

A
us

tr
al

ia

20
09

Ph
ili

pp
in

es
C

hi
na

U
S

In
di

a
In

do
ne

si
a

Br
az

il
M

ex
ic

o
V

ie
tn

am
Ba

ng
la

de
sh

A
us

tr
al

ia

20
10

C
hi

na
In

di
a

Ph
ili

pp
in

es
U

S
In

do
ne

si
a

M
ex

ic
o

R
us

si
a

A
us

tr
al

ia
V

ie
tn

am
Pa

ki
st

an

20
11

Ph
ili

pp
in

es
U

S
C

hi
na

In
di

a
In

do
ne

si
a

M
ex

ic
o

Br
az

il
N

ep
al

Ja
pa

n
G

ua
te

m
al

a

20
12

C
hi

na
U

S
Ph

ili
pp

in
es

In
do

ne
si

a
A

fg
ha

ni
st

an
In

di
a

R
us

si
a

Ja
pa

n
Ba

ng
la

de
sh

H
ai

ti

20
13

C
hi

na
U

S
In

do
ne

si
a

Ph
ili

pp
in

es
In

di
a

V
ie

tn
am

Ja
pa

n
Br

az
il

A
fg

ha
ni

st
an

Bo
liv

ia

20
14

C
hi

na
U

S
In

di
a

Ja
pa

n
Ph

ili
pp

in
e

In
do

ne
si

a
Fr

an
ce

M
ex

ic
o

Th
ai

la
nd

N
ep

al

20
15

C
hi

na
U

S
In

di
a

Ph
ili

pp
in

e
In

do
ne

si
a

Pa
ki

st
an

A
us

tr
al

ia
Ja

pa
n

C
hi

le
Ba

ng
la

de
sh

So
ur

ce
: A

ut
ho

r c
om

pi
le

d 
th

e d
at

a f
ro

m
 “A

nn
ua

l d
is

as
te

r s
ta

tis
tic

al
 re

vi
ew

 re
po

rt
s 2

00
6–

20
15

. C
en

tr
e f

or
 R

es
ea

rc
h 

on
 th

e E
pi

de
m

io
lo

gy
 of

 D
is

as
te

rs
, I

ns
tit

ut
e o

f H
ea

lth
 an

d 
So

ci
et

y 
(I

R
SS

), 
U

ni
ve

rs
ité

 c
at

ho
liq

ue
 d

e L
ou

va
in

 –
 B

ru
ss

el
s, 

Be
lg

iu
m

”.

Ta
bl

e 
2.

 T
op

 1
0 

co
un

tr
ie

s 
by

 n
um

be
r o

f n
at

ur
al

 d
is

as
te

rs
 o

cc
ur

re
d 

du
ri

ng
 2

00
6–

20
15

 (1
0 

ye
ar

s)
.

Flood Risk Management180



Ye
ar

s
T

op
 1

0 
co

un
tr

ie
s 

by
 n

um
be

r o
f n

at
ur

al
 d

is
as

te
rs

 o
cc

ur
re

d 
(2

00
6–

20
15

)

1
2

3
4

5
6

7
8

9
10

20
06

C
hi

na
U

S
In

di
a

Ph
ili

pp
in

es
In

do
ne

si
a

A
fg

ha
ni

st
an

V
ie

tn
am

Pa
ki

st
an

Ba
ng

la
de

sh
R

om
an

ia

20
07

U
S

C
hi

na
In

di
a

In
do

ne
si

a
Ph

ili
pp

in
es

Pa
ki

st
an

Ja
pa

n
M

ex
ic

o
A

lg
er

ia
H

ai
ti

20
08

C
hi

na
U

S
Ph

ili
pp

in
es

In
do

ne
si

a
In

di
a

V
ie

tn
am

C
ol

om
bi

a
K

en
ya

Th
ai

la
nd

A
us

tr
al

ia

20
09

Ph
ili

pp
in

es
C

hi
na

U
S

In
di

a
In

do
ne

si
a

Br
az

il
M

ex
ic

o
V

ie
tn

am
Ba

ng
la

de
sh

A
us

tr
al

ia

20
10

C
hi

na
In

di
a

Ph
ili

pp
in

es
U

S
In

do
ne

si
a

M
ex

ic
o

R
us

si
a

A
us

tr
al

ia
V

ie
tn

am
Pa

ki
st

an

20
11

Ph
ili

pp
in

es
U

S
C

hi
na

In
di

a
In

do
ne

si
a

M
ex

ic
o

Br
az

il
N

ep
al

Ja
pa

n
G

ua
te

m
al

a

20
12

C
hi

na
U

S
Ph

ili
pp

in
es

In
do

ne
si

a
A

fg
ha

ni
st

an
In

di
a

R
us

si
a

Ja
pa

n
Ba

ng
la

de
sh

H
ai

ti

20
13

C
hi

na
U

S
In

do
ne

si
a

Ph
ili

pp
in

es
In

di
a

V
ie

tn
am

Ja
pa

n
Br

az
il

A
fg

ha
ni

st
an

Bo
liv

ia

20
14

C
hi

na
U

S
In

di
a

Ja
pa

n
Ph

ili
pp

in
e

In
do

ne
si

a
Fr

an
ce

M
ex

ic
o

Th
ai

la
nd

N
ep

al

20
15

C
hi

na
U

S
In

di
a

Ph
ili

pp
in

e
In

do
ne

si
a

Pa
ki

st
an

A
us

tr
al

ia
Ja

pa
n

C
hi

le
Ba

ng
la

de
sh

So
ur

ce
: A

ut
ho

r c
om

pi
le

d 
th

e d
at

a f
ro

m
 “A

nn
ua

l d
is

as
te

r s
ta

tis
tic

al
 re

vi
ew

 re
po

rt
s 2

00
6–

20
15

. C
en

tr
e f

or
 R

es
ea

rc
h 

on
 th

e E
pi

de
m

io
lo

gy
 of

 D
is

as
te

rs
, I

ns
tit

ut
e o

f H
ea

lth
 an

d 
So

ci
et

y 
(I

R
SS

), 
U

ni
ve

rs
ité

 c
at

ho
liq

ue
 d

e L
ou

va
in

 –
 B

ru
ss

el
s, 

Be
lg

iu
m

”.

Ta
bl

e 
2.

 T
op

 1
0 

co
un

tr
ie

s 
by

 n
um

be
r o

f n
at

ur
al

 d
is

as
te

rs
 o

cc
ur

re
d 

du
ri

ng
 2

00
6–

20
15

 (1
0 

ye
ar

s)
.

Flood Risk Management180

loss on household level. China is on verge of acute and severe flooding in future as well. 
Monsoonal rains during 2011 cemented a destructive flood in Thailand and a huge loss of 
45 billion USD was recorded. Economic growth sliced down to 1.5% from estimated growth 
of 3.5–4% in 2011. Similarly, 9% land area of Japan comprising 41% population and 65% 
economy support is vulnerable to floods [20]. Pakistan faced back to back floods in 2010 
and 2011 authenticating wide losses. Brakenridge et al. [2] recorded 2000 instant fatalities in 
result of monsoonal flooding. Unpredictable nature of monsoonal rains is likely to increase 
in Bangladesh and China [21]. Peduzzi et al. [22] unveiled that Vietnam, Cambodia, and 
Bangladesh will remain on edge of flooding.

Centre for Research on the Epidemiology of Disasters (CRED), Institute of Health and Society 
(IRSS), Université catholique de Louvain—Brussels, Belgium published report entitled 
“Annual Disaster Statistical Review 2014; The numbers and trends” each year indicating natu-
ral disasters statistics. Data mentioned in Table 2 are accumulated summary edited by author 
by consulting statistical reports from 2006–2015. Data reflect that from 2006–2015, each year, 
majority of countries are from Asia among top ten countries hit by natural disasters. China, 
India, Philippines, Bangladesh, Pakistan, and Nepal are Asian countries widely vulnerable to 
natural disasters.

Figure 1 is illustrates the prevalence of natural disasters during 2000–2016 in Asia. Flood is the 
most prominent disaster with share of 41.27 in Asian region. During the period of 2000–2016, 
Asia faced more or less 2692 disasters (floods, earthquakes, landslides, extreme temperatures, 
storm, drought, wildfire, and epidemic). Storms posed one fourth (26.82%) share among 
disasters followed by 11.44% occurrence of earthquake. However, there is a significant gap 
between occurrence of flood and other disasters. Generally, it can be said that Asian region is 
more vulnerable to floods at present and in future as well. Distribution of floods in selective 
countries of Asian region is represented in Table 3.

Figure 1. Distribution of natural disasters in Asia.
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3. Asian discourse on flood risk reduction

Human security is of best entrust for the state governments across the world. Government 
bodies stay responsible for the planning and execution of public safety and vulnerability miti-
gation programs. Each country documents plans and strategies for sharing risk knowledge, 
prevention and mitigation, and preparedness. A brief overview of Asian countries’ policies 
and intervention on flood risk management is discussed below. For a brief overview, exten-
sive literature indicating policies, planning, programs, and outcomes was kept under debate. 
Cross-country comparison is documented, which could harness felt needs of future.

3.1. Pakistan

Pakistan lies in south Asian part and shares border with China, Afghanistan, India, and Iran. 
Geographically, Pakistan is on the verge of natural disasters. Pakistan witnesses occurrence of 
earthquakes in 2005 and 2013, floods in 2007, 2010, 2011, and 2012 costing damage of millions. 
However, floods are reported more devastated. Inadequate storage of water has been one of 
the prime reasons behind occurrence of floods in country. Efforts regarding water safety and 
security are scanty, regardless of constructions of dams for the storage, and water security is 
inevitable to mitigate floods. However, efforts regarding flood risks management are under-
way in form of different action since inception [23]. For substantial reduction of disasters 
losses and future security, country embarked National Disaster Management Commission 
(NDMC) and National Disaster Management Authority (NDMA) in 2006 and 2007 respec-
tively with a vision to boost flood risk awareness, prevention and mitigation, and prepared-
ness among masses. Authority was further devolved to province level with nomenclature of 
Provincial Disaster Management Authority (PDMA). Purpose of devolution was to imple-
ment action plan on grass root level. National Disaster Risk Reduction Policy (DRR) was 
formulated in 2013 to highlight and deliver comprehensive guiding agenda for addressing 
flood risk; which is increasing at pace. Policy acclaimed building positive outcomes across the 

Country Number of floods Total deaths Total affected Damage

Pakistan 57 6584 46,001,293 18,707,148

India 148 23,592 293,642,535 42,294,347

Bangladesh 32 2764 72,706,135 3,014,000

Sri Lanka 31 211 309,071 2,000,000

Indonesia 109 3553 4,769,651 5,853,633

China 173 11,078 829,598,958 125,938,474

Japan 16 192 565,408 12,197,000

Nepal 23 2067 2,323,988 69,729

Vietnam 57 2612 17,474,738 3,123,502

Table 3. Total number of floods in some selective countries of Asia (2000–2016).
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communities, but a number of experts negated the success and outcomes of the policy. DRR 
reflected partial success and usually narrated as a tale of contradictory perspectives. DRR 
revealed decisive weakness with the prevalence of back to back floods in 2010, 2011, and 2014. 
The occurrence of floods summarized poor performance of policy department and failure in 
achieving goals due to nonimplementation of proactive strategies. Usually, flood hit rural 
areas and rural poor communities paid a high cost for these disasters. This damage not only 
represented a poor implementation of policies but also cemented that “disasters are for the 
poor.” Criticism made by Zeeshan and Khan [24] on sluggish early warning system authen-
ticated the failure of policy. Early warning system has been practiced using radio and emer-
gency flood risk announcements through loud speakers of Mosque. System in practice is so 
traditional and meager in effectiveness. Public was not trained about evacuation procedures 
and traditional information sharing system was not capable for this objective. Traditional 
approach was also not enough to make people aware about safe locations and places to dis-
locate. Inclusion of “Mass Media” in flood risk policy could harness noteworthy potential in 
disseminating flood risk and management awareness among community. On contrary, aspect 
is missing in policy [25]. Financial security of flood victims and migrants is another missing 
link in policy. The policy holds gaps concerning institutional vulnerability, resources gaps, 
and institutional coordination and collaboration to accomplish policy goals. Local knowledge 
and management activities on domestic level are not recognized by disaster reduction experts 
neither included in policy, which could be another productive step in flood risk management. 
It can be stated that Government of Pakistan is still struggling to lay plans in wake of catas-
trophe management [26]. Disasters management and implementation plans are insufficient to 
meet requirements of risk reduction. There has been no accountability framework for disaster 
management bodies in instance of poor performance in risk management [27].

Country is allowing natural disasters to occur with increased frequency despite of existence 
of disaster bodies is clear message of departmental failures. Prediction and forecasting about 
weather and raining patterns made by meteorological department are less reliable. Occurrence 
of disastrous drought in “Tharparker (a district in Baluchistan province)” followed by routine 
human deaths is a dent on performance of disaster management bodies.

Research in Pakistan on research on flood risk and their management is scanty. Research is 
not sufficient to disclose that how science and technology could be utilized to tackle societal 
decisions making in context of risk management. Incorporating research in policy formula-
tion on flood risks could address the management of risks in better fashion. For the purpose, 
social sciences may be included in research agenda for better social overview and community 
perceptions on risk and their management. There is no database to reflect disaster statistics in 
Pakistan. Past experiences and research findings are not gathered in Pakistan. Social research 
in assessment and perception of community on different aspects (for example, about con-
struction of dams) could unveil the felt needs.

3.2. India

India has faced a number of floods in the past and persists vulnerable to more disasters in 
future. Carnage exhibited by disasters urged Indian Government to design and  implement 
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disaster management programs. “State disaster management plans” was the foremost policy 
documented by Indian Government. These plans inferred that all Indian states are obligatory 
to compile disaster management papers reflecting preparations outline, actions to minimize 
risk, and responses to cope with associated threats. State government in association with dis-
trict governments execute rescue, disaster, relief, and rehabilitation functions with support 
of national government [28]. Regarding disaster management plans and strategies, Bahadur 
et al. [29] endorsed implemented programs condensed sound foundation for coordinating 
disaster management at state level and construct significant reduction in vulnerability of 
disasters. ICIMOD [30] revealed that coordination among departments (i.e. flood forecasting 
centers and central water commission, meteorological department and central relief commis-
sioner) helped in saving numerous lives. National programs put more emphasize on human 
resource development. Preparation of flood risk maps on districts level has been in practice to 
enrich mitigation goals since the 1997 [30]. Government of India [31] has reported economic 
loss of approximately 100 million Indian rupees in 2009 due to floods.

Government of India [31] highlighted more focus of disaster reduction programs on safety and 
protection of vulnerable communities and strengthen coordination and partnerships with local 
communities to enhance flood risk mitigation. This aspect of policy posed reflection of true 
participatory approach. However, despite of sound planning, program showed partial success. 
Poor coordination with local communities, which was subject to extensive workload, and poorly 
transparent structure were the leading weaknesses. Feeble organizational cooperation between 
Brahmaputra Board, CWC, and Ganga Flood Control Commission put the working of these 
departments under criticism. Meager interdepartmental cooperation displayed deprived ser-
vices followed by below-average effectiveness [32]. Failure in forming floodplain zoning in India 
raised quandaries, which appeared a barrier of flood management on national level. Floodplain 
zoning was the mandate of National Water Policy executed in 2012 [33]. Unfortunately, the 
objective was not met. Absence of enforcement mechanism and demarcation of zones were 
additional barriers in wake of flood risk management [32]. Findings of Government of India [34] 
report agreed poor governance behind sluggish implementation of integrated water resource 
management which was anticipated as leading flood management strategy.

Government of India launched National Disaster Management Authority in 2005 with 
responsibilities for constructing risk reduction policies and yearly plans. Das [35] agreed with 
success of NDMA in enhancing capacities and skills development of managerial and field 
staff. NDMA staff served the society through skill provision which was effective in manag-
ing disasters. Separate local as well as national level funds for disaster relief and mitigation 
activities assured the minimal pressure on public exchequer for embryonic disagreements 
[36]. Flood risk management in India is least discussed in research and literature. Studies 
and literature are mainly focused on risk assessment only, while flood insurance, structural 
control, and integrated management of flooding are least discussed.

3.3. Bangladesh

Bangladesh is also vulnerable to floods like collateral Asian nations. Flood prevailed dur-
ing 1988 inundated 89,000 square kilometer area nationwide and 1517 human deaths were 
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recorded. After a decade, during 1988, another devastating flood hit Bangladesh and caused 
inundation on 100,000 square kilometers followed by 918 deaths. Numerous noteworthy 
floods have prevailed in different years like 1922, 1954, 1955, 1974, 1984, and 1987 with con-
siderable losses [37]. About 70% land of Bangladesh stays exposed to flooding with likelihood 
of potential impacts on national economy [38, 39]. National Water Plan was implemented 
in 1980 with aim of balanced water use. In mid-nineties, Flood Action Plan was executed in 
Bangladesh. Later on, the plan gave origin to National Flood and Water Management Strategy 
in 1996 with recommendations of general public participation in environmental impact 
assessment at implementation phase of flood action plan. This action was kept mandatory for 
all water-related projects in future. National Water Policy was introduced in 1999 followed by 
subsequent emergence of National Water Management Plan in 2001 with vision to implement 
different courses of action for water conservation and management. Water-associated disaster 
management initiative further aided the foundation of Comprehensive Disaster Management 
Plan (CDMP) and Disaster Management Guidelines with involvement of different stakehold-
ers for execution of different activities to strengthen disaster management capacity at local 
and national level. Planning of postdisaster rehabilitation and relief was major constituent 
of disaster management plans. Government of Bangladesh enjoyed smooth control of floods 
through water management groups, which were helpful in controlling water and allow-
ing specific amount of flooding flow according to hydrology and land topography [40, 41]. 
Samuels et al. [42] endorsed the effective management water and land and trainings on natu-
ral resources management which resulted reduction in of river loads to keep embankments 
protected and easy carriage to the Bay of Bengal via amended capacity of rivers.

Bangladesh witnesses adoption of structural as well as nonstructural methods of flood pre-
vention and management [39, 43]. Paula and Hossain [44] illustrated more preference of 
structural flood management techniques as compared to nonstructural technique of flood 
management. Despite structural methods of flood prevention not being economically con-
ducive, they require huge investment and are not environmentally friendly [33, 45–48]. Over 
dependency on structural management techniques lead to internal drainage issues followed 
by siltation and waterlogging [49].

Government of Bangladesh integrated adaptation to climate change into legislation [50] for 
effective mitigation of floods. Intergovernmental panel for climate change (IPCC) has praised 
the effective policies of Bangladesh Government which resulted vital improvements in disas-
ter management, reduction in flood fatalities, and enriched adaptive capacities at households’ 
level [51]. This improvement was subject to increased coordination between concerned secto-
rial departments and concrete planning followed by practical implementation [52, 53]. Early 
warning system ensured local participation and produced promising outcomes regarding 
flood risk management [54].

Though efforts of Bangladesh government in managing floods appeared with some remark-
able results, a number of policy gaps still persist. Huq and Bracken [55] opined that current 
flood relief regulatory framework of Bangladesh is only operative for response and relief dur-
ing times of flooding which shows substantial gaps and sluggish necessities to uplift commu-
nity adaptive capacities and tendencies to combat future vulnerabilities. Relief, rehabilitation, 
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and rescue operations effected by National Government are deficient in considering needs 
of communities [44]. National top-down approach of planning repeatedly failed to convey 
effective and in-time flood mitigation services [56–58]. Most of the efforts were framed for 
local participation, but community participation in practical was just at early state in flood-
related projects rather than at implementation and execution phase [55]. Unnecessary extrac-
tion of upstream water particularly in dry season (November–May) usually paved the way to 
freshwater reduction and increased salinity level which affected agricultural production and 
other requirements [59]. Early warning system is not effective according to expectations [44]. 
Government of Bangladesh also evolves lack of coordination among departments, budgetary 
scrapes, and rigorous institutional frameworks which are suppressing the results of flood 
management measures.

Research institutions emphasizing on flood management possess serious gaps. Research in 
Bangladesh is mainly focused on concept of vulnerability and vulnerability to natural disas-
ters [60–62]. Very few researches are so far carried out on geographic location, community 
cultural, socioeconomic, and political attributes to vulnerability [48, 63–65]. Assessment of 
community indigenous knowledge on coping of flooding is poorly addressed [39, 43, 66]. 
Moreover, fewer researches are conducted on assessment and evaluation of structural flood 
management techniques and embankments projects [67–69]. Shajahan and Reja [70] orated 
research gaps in flood mitigation activities and evaluation of flood management strategies 
and institutional management [38, 49]. General outlook entails that with the passage of time 
research on flood risk management is partially focused.

3.4. China

China is most vulnerable country of Asian region being exposed to disasters more often. 
According to the estimate, more than 200 million people every year are affected by disasters. 
Floods utterly distresses lives of people in China [71]. Economic loss per year is more than 
100 billion yuan about a quarter of the entire world [72]. Flood occurrence frequency in China 
is greater than the average of world. This frequency of floods may predict more economic 
loss in future as well. For future security, Chinese Government is utilizing finest options to 
combat flood risks. Government of China introduced national integrated system to contest 
flood risks with integration of geographic information systems, remote sensing, global posi-
tioning system, and other techniques for assessment, monitoring, and evaluation of flood 
exposures. Integrated system reflected pivotal role in flood management and executed as 
key part of flood management system at National Flood Control Headquarters, China [73]. 
Forecasting, monitoring, evaluation, simulation, and analysis techniques hold potential to 
reduce floods [74–76], and China kept all the techniques under consideration. Ministry of 
Science and Technology China provided financial assistance and laid foundation of National 
Professional and Operational Integrated System in 1995 for evaluation and monitoring of 
stern natural disasters.

Forestation was most preferred initiative undertaken by China to mitigate floods. In last three 
decades, coverage of forests is elevated on consisted basis across the China, and reduction in 
Floods has been documented in this period. In 1998, China faced a flooding with  precipitation 
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rate of equivalent to floods prevailed in 1980, 1983, and 2002; in these years, flooding was 
less serious. However, now situation is reversed, and floods have become severe, which is 
directly associated with destruction of forests and reduction in forest area. For instance, for-
est coverage in Yangtze River at current is 10% which was 30–40% in 1950s [77]. Wang et al. 
[78] reported that forest coverage reflected decline from 1970s to the end of 20th century. 
Deforestation is result of fulfillment of human needs and exploitation of natural resources in 
nonjudicious way. This deforestation leads contribution in poor management of floods and 
enhanced vulnerability of flood risks [79, 80].

China has elongated history regarding management of floods beginning with DaYu and Gun's 
flood management policy [81]. “Dujiangyan” was water conservation and flood management 
project implemented around 256 BC by state of Qin [82]. After the occurrence of flood in 1998, 
Government of China switched their course to adoption of structural as well as nonstructural 
approaches for management. Among structural approaches of flood management more or 
less 86,000 reservoirs have been constructed in past 5 decades (50 years) in China. These res-
ervoirs posed momentous role in managing and mitigating flood risks and associated losses 
[83]. For the higher achievements in flood management, Chinese governments gathered allied 
departments under one umbrella to exert holistic action. For effective operation and manage-
ment of floods, National Flood Control and Drought Defying Chief Headquarters of China 
has appointed Dalian University of Technology (DUT), Wuhan Hydroelectric University, and 
Hohai University to develop an integrated management system for flood control of reservoirs 
(IMSFCR) since 1998, with a duration of 5 years [83]. Moreover, number of initiatives were 
undertaken to conserve and manage water and water resources. Government implemented 
Water laws and regulations framed in succession with water sector since 1980s. Some note-
worthy laws are Law of Flood Control (1997), Water Law (1998) later on revised in 2001, and 
Law of Soil and Water Conservation (1991). Some regulations were embarked in water sec-
tor of China as well, for instance, regulations of flood proofing, regulations of river course 
management, and guide to safety building of flood storage and detention basins. China has 
integrated wide network of technology in assessment and management of flood risk under 
flood control framework. For instance, Geographic Information System (GIS) is extensively 
adopted in regional disaster evaluation which exhibited useful outcomes [84–88]. ArcGIS 
technology also has been used by the Chinese government in mitigation of highway flood risk 
management [89]. These multiple initiatives are reflection of true zeal of Chinese government 
toward flood risk management.

3.5. Japan

Japan is another flood prone country of Asia. Extensive rains hit Japan more often in rainy as 
well as typhoon season which raises the precipitation level across the country. Annual pre-
cipitation is around 1500–1600 mm which is very high and fully capable to craft flood threats. 
Annual precipitation in main city Tokyo is much greater as compared to western countries. 
On pacific coast of Japan, annual precipitation of 50–60% is recorded from June–October in 
particular. This situation has caused number of floods in past and casted huge economic dam-
age. In this context, Government of Japan formulated concrete policy to mitigate flood risks. 
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It is well noteworthy that in Japan about 70% of land is mountainous and covered with for-
ests. Increased area of forests is usually a particular method to combat floods. Due to often 
occurrence of floods, Japanese utilize their indigenous knowledge to build flood manage-
ment measures [90]. UNISDR [91] confirmed in connection of Hyogo Framework for Action 
(2005–2015) that “traditional and indigenous knowledge and cultural heritage” as one of the 
prime source of innovation, knowledge, and education to bring resilience at all levels.

Flood management history of Japan is extensive most probably came to inception during 
Yayoi period (300BC-AD 300); hence, Japan build refined and wide ranging disaster man-
agement plan. During 1960, efforts were made with focus on hydrologic function of “Green 
Dams” which acts upon the flow impeding potential of forests to reduce flood vulnerability. 
Less attention was paid on construction of concrete dams. It may be right to say that 70% 
mountainous area covered with forest laid foundation of “Green Dams” in country.

Current response system was initiated in short time, but this system enabled government to 
organize resources and comply in inclusive manner against the prevailed disasters to control 
damage [92, 93]. Ministry of Land, Infrastructure, and Transport (MLIT) of Japan is mainly 
responsible for the flood management policy in country at current. Currently, the minis-
try is managing 109 main river system covering greater than 70% of national land. Rests of 
the rivers of Japan are under control and management of municipal governments. Japanese 
Government propelled River Act in 1896. Under the act, each local government is accountable 
for flood control activities, management of rivers, hydrologic monitoring, and conductance 
of relevant studies for planning appropriate. Flood Fighting Act was recognized in 1949 with 
emphasize on systematic forecasting of flood and early warning system with collaboration of 
meteorological departments, healthy promotion of status and role of flood fighting brigades, 
and diffusion of flood hazard maps for rivers.

Japanese government has adopted structural as well as nonstructural measures to combat 
floods. Flood control dams, embankments, flood channels, and regulatory reservoirs were 
leading structural measures followed by nonstructural measures like forecasting of floods, 
early warning systems, land use regulations, and disasters and hazards maps adopted at 
national level. Unfortunately, despite of number of approaches, economic loss associated 
with floods is increasing due to socioeconomic development and condensed concentration of 
vastly prized assets. However, the number of deaths due to flood has been reduced signifi-
cantly since 1960s [94].

3.6. Nepal

Nepal faced devastating floods in Tinao Basin, Koshi River, Tadi River Basin, Sunkoshi Basin, 
and in Kulekhani area in 1978, 1980, 1985, 1987, and 1993, respectively. The flood prevailed 
in Kulekhani area during 1993 alone caused 1336 deaths [95]. Floods prevailed in 1985, 1983, 
and 2004 damaged and destroyed large spheres of land terraces, farm areas, pastures lands, 
and orchards [96]. Therefore, Nepal is usually anticipated as vulnerable country to natu-
ral disasters, and huge proportion of GDP was lost annually in wake of natural disasters. 
Governmental of Nepal urged need of flood risk management and concentrated on Disaster 
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Risk Reduction Program with intention to identify, assess, and minimize disaster risk reduc-
tion [97–99]. This action facilitated sustainable development process in Nepal with reduction 
of adverse outcomes of natural disasters.

Disaster risk reduction programs were implemented among communities even in schools 
[100, 101]. Government of Nepal revised the vision and initiated Disaster Risk Reduction 
Campaign from 2006–2007. Under the campaign, risk reduction program was incorporated in 
educational curricula, and disaster management was disseminated on village level and dis-
tricts level [102]. This integration raised the awareness level of community through involve-
ment of instructors, teachers, and local youth clubs. A number of disaster education-related 
programs were initiated by government and nongovernment organizations [101, 103] on com-
munity level.

Nepali Government also launched National Plan for Disaster Reduction in 1996 in harmony of 
International Decade of Natural Disaster Reduction [104] to deal disasters on different stages. 
In 1999, an act named as “Local Self Governance Act” was launched which decentralized the 
responsibilities to lower level of politicoadministrative.

In 1996, the Government of Nepal (GoN) produced the National Action Plan for Disaster 
Risk Management [104] in accordance with the International Decade of Natural Disaster 
Reduction. This plan dealt with different stages of a disaster (pre, during and post) and was, 
in theory, supported by the 1999 Local Self Governance Act which advocated devolution of 
responsibilities to lower levels of the politicoadministrative pyramid. However, the impact of 
act appeared sluggish due to inadequate guidance and insufficient funds [105].

Hyogo Framework for Action (HFA) 2005–2015 documented pivotal significance in foster-
ing agenda of disaster risk reduction [106]. The framework reflected a stimulus of change 
in field of disaster risk management. Disaster Management Policy and Act and the National 
Strategy for Disaster Risk Management (hereafter the National Strategy) were initiated in 
2006 with aim of disaster risks management with improvement in institutional structures. 
Oxfam NGO funded both the initiatives. It is noteworthy that major funding of disaster pro-
grams was sponsored by NGOs. Similarly, Yoqi [107] presented rapid expansion of NGOs in 
Nepal. About 40,000 NGOs are registered by Social Welfare Council of Nepal. Heavy reliance 
on overseas aid and NGOs in absence of fully functioning government could raise issues 
and hinder disaster risks management policies [108–111]. Governance in Nepal is assumed 
meager which could be proven by the fact that none of the official mechanism to monitor 
transparency of NGOs registered under Social Welfare Council is in practice [108]. Jones et al. 
[112] argued sluggish political situation in Nepal, and progress of Nepal is stalled in framing 
a legislative context encouraging to effective disaster risk reduction measures. Insufficient 
public awareness, meager disaster preparedness, feeble governance, political instability, poor 
coordination among government institutions, agencies, and department followed by scanty 
financial assistance are notable factors hindering disaster risks reduction policies and mea-
sures [113, 114]. It can be said that Nepal is yet to understand the bond between disasters and 
development practices. Progress can be made only with the enhanced cooperation followed 
by effective policies to facilitate vulnerable in Nepal where each day about two persons die 
due to natural disasters [115].

Understanding Flood Risk Management in Asia: Concepts and Challenges
http://dx.doi.org/10.5772/intechopen.69139

189



3.7. Vietnam

Vietnam witnesses devastating flood in 1999 evolving economic damage of more than 200 
USD, 547 human deaths and damaging 630,000 homes. Coastal flooding is foremost threat 
to Vietnam due to geographical location and socioeconomic absorption. The coastline is 
widespread over 3200 kilometers and 70% population is living there [116]. Since then, 
Vietnam is a flood prone country [117]. Greater observation and management are inevitable 
to combat vulnerability, and Vietnam government is harnessing different flood manage-
ment approaches since inception in 1945. First order of Vietnam government (Order no. 70/
SL) originated Central Committee for Dyke Maintenance for flood risk reduction, and later 
on, committee was replaced by Central Committee for Flood and Storm Control (CCFSC). 
Legislation was ensured, and hundreds of legal documents have been passed comprising 
laws, decisions, rules and regulations, and legal framework for effective control of floods 
[118, 119]. Despite of multiple documents, there has been no concrete and comprehensive 
law and policy on disaster management in Vietnam. For sustainable water resources man-
agement, Law in Water Resources was administered in 2012 followed by Law on Dykes 
(2006) and Ordinance on Flood and Storm Prevention and Control (2000) for flood manage-
ment in Vietnam. Dykes in Vietnam adhere to dual purpose part, both for irrigation bank and 
drainage canal (Central Project Office, 2011); hence, law emphasizing on Dykes was of great 
worth. Ordinance on Flood and Storm Prevention and Control (2000) illustrated the need 
of further detailed and comprehensive legislation on flood management. This ordinance 
was replaced by the Law on Natural Disaster Prevention and Mitigation (LNDPM) in 2014. 
Government of Vietnam also brought a National Strategy for Natural Disaster Prevention, 
Response and Mitigation to 2020 during 2009. This national strategy was particularly atten-
tive upon integration of disaster management to socioeconomic position of community for 
effective response and preparedness to combat the disaster. The strategy also tends to raise 
public awareness.

Flood management strategies revealed inadequate success pertinent to several inefficien-
cies. Water Resource and Flood Storm Control Division Report (2011) reflected that inad-
equate funds allocation hindered flood management policies. Improved financial assistance 
and healthier observation could have enhanced the effectiveness [120], but it does not appear 
practical. In fact, existing flood management approaches remain failed in combating disasters. 
Defense system against floods was insufficient in recent incidences [121]. To take floods in 
account, early warning system could be strengthened [117, 120], which is meager at current. 
More focus on improving socioeconomic position of community through alleviating inequal-
ity and poverty [122, 123] is need of time. This phenomenon may bring a concept of integrated 
flood management approaches and holistic action [124] for sustainable management of flood 
risks in Vietnam.

3.8. Sri Lanka

Sri Lanka is a flood prone country of Asian region. The country has faced some notewor-
thy floods in 1989, 2006, and 2008 damaging huge areas and human killings. Flood is the 
often hazard faced by Sri Lanka [125]. In last four decades, floods were more often and 
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devastating for highest number of people [126]. However, Sri Lanka has implemented flood 
mitigation measures from the past. In late nineties, systematic forecasting programs were 
started in Sri Lanka [127]. Occurrence of Tsunami in 2004 urged government of Sri Lanka 
to precede tangible mitigation measures against the floods. Soon after Tsunami, Disaster 
Management Act, No. 13, was established in 2005 with aim of building institutional frame-
work and national policy on disasters management [128]. National Council for Disaster 
Management (NCDM) is a high-level intern-ministerial body. Disaster Management Act 
leads to establishment of Disaster Management Center responsible for the implementation 
and coordinating national as well as subnational programs of disaster management. The 
country lingers to execute disaster reduction plans with assistance of nongovernmental 
agencies.

Among various initiatives regarding flood management in Sri Lanka, only two were found 
with success (Hazard Mapping Project by the National Building Research Organization 
[1991–1996] and Sri Lanka Urban Multi-Hazard Disaster Mitigation Project [1997–2003]). 
Incompetence in implementation of structural as well nonstructural measures against floods 
was significant reason behind poor performance of projects [129]. Local participation and 
adaptive capacities of local communities were not kept in consideration [130]. The research 
regarding assessment, planning, preparedness, and evaluation of floods and management 
techniques is scanty in Sri Lanka [130].

3.9. Indonesia

Indonesia is usually exposed to coastal and riverine flooding [131]. United Nations named 
Indonesia 38th “at risk” country in 2014. Bengawan Solo and Benanain River are the rivers 
more often vulnerable to flooding. In past decade, major floods prevailed during 2002, 2007, 
2013, and 2014 costing billions of dollars economic damage [132–134]. To combat the vul-
nerability of floods, government of Indonesia launched different plans and approaches. For 
instance, in 2008, National Disaster Management Agency was inaugurated in Bahasa with aim 
to lessen floods. Government of Indonesia has implemented National Disaster Management 
Coordinating Board in 1979 which provided central coordination with support from 13 min-
istries of that time and armed forces. This board formulated flood management policy com-
prising rescue, mitigation, prevention, and reconstruction. Interagency disaster task force was 
also formulated at provincial, district, and subdistrict level. Flood risk management is also 
identified in law, 24/2007 and government regulation 21/2008.

Rivers of Indonesia are more often vulnerable to flooding. To combat the vulnerability of 
floods, government of Indonesia launched different plans. Indonesian Government admin-
istered National Disaster Management Plan (2010–2014) in 2012. The plan was more empha-
sized on flood policies, management strategies, and disaster risk reduction for 5 years span. 
National Development Planning agency ensured the implementation of plan [135], and tech-
nical protection measures were adapted to lower floods risks [136]. Success of flood man-
agement plan met with criticism. For instance, local communities were not having adequate 
environmental awareness to combat risk [137], which reflects that local participation in plan 
was scanty. Lack of coordination between departments, poor land using pattern and poor 
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awareness, and knowledge followed by forecasting of floods were some other debatable 
issues not discussed properly. Early warning and forecasting were also criticized by Shrestha 
et al. [138]. Marfai et al. [139] pointed a dire need of strong institutional linkage between 
different stakeholders for quick and effective disaster response. Literature on flood risk man-
agement in Indonesia is scanty. Flood management aspects are poorly debated and assessed 
through different research and evaluation techniques.

4. Conclusion

It is myth that Asia is most vulnerable region across the world, and this vulnerability may sur-
pass with the passage of time. Climate of Asian region is already posing abrupt and abnormal 
variations which are backing the natural disasters. In response, across the region, efforts are in 
trend with support of concrete policies and huge investment for infrastructure. Each country 
is documenting viable policy according the topography and geographical location. But, still 
efforts are inadequate and disasters are occurring frequently. Somehow, killings are down-
fallen, but economic damage is inverse to killings. Hence, entire Asian region would have to 
rethink their policies and redefine their actions for sustainability.

Pakistan surely needs to redefine their disaster management policy by replacing “mosque 
microphone” lead early warning system with integrated modern media. Improving local 
knowledge on disaster management should be included in policy. Country would have 
to strengthen their weather forecasting system and water conservation and management. 
Structural measures (construction of dams) could be fostered. In past, poor storage capacity of 
water has also been the reason behind occurrence of floods. More research should be ensured 
on flood risk assessment and management. For the best outcome, country would have to add 
social research in policy formulation. Social research could embark feasibility, community 
perceptions, and actions in best entrust.

Disaster management plans of state level in India have been successful but there is need 
to strengthen inter-departmental coordination and initiation of accountability for those 
who are expressing poor performers. Floodplain zoning needs more emphasize for accom-
plishment. For quick and effective risk management, allocation of funds would have been 
increased. Flood risk management is least discussed in research, hence, more research 
should be conducted which could help policy makers and practitioners in engineering best 
models.

Bangladesh being one of the most flood prone regions formulated numerous policies and exe-
cuted multiple initiatives to mitigate flood risk. Hence, the country would have to shift toward 
nonstructural measures as well. Bringing climate change into legislation proved remarkable 
success in flood management. But, current regulatory framework of Bangladesh is mainly 
operative for response and relief only during times of floods. Government would have to 
strengthen their framework prior occurrence of flood. For this purpose, weather forecasting 
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and early warning system should be empowered. Local participation should be ensured in 
policy formulation and planning. More research on different aspects of flood management 
could harness effective pathways. At present research in Bangladesh on flood management 
is meager.

Research on flood management is better in China, which is the most flood prone region of 
Asia. Deforestation has been found one of the major reasons of flooding in China. China 
would have to put emphasize on increased forestation. This is also nonstructural flood man-
agement measure.

Japan has been implementing structural as well as nonstructural measures for flood risk man-
agement. Increased forestation has been natural barrier against flood prevalence. However, 
socioeconomic development is still questionable, and the need is to strengthen socioeconomic 
condition of communities and enrich them with local indigenous knowledge to tackle floods. 
Increased focus on research regarding floods management could disclose existing gaps 
among communities in front.

Nepali Government has been rendering numerous policy efforts in managing floods. The 
strong aspect of policy was inclusion of disaster management in educational curriculum for 
the public awareness. Inadequate funds provisions and guidance on flood management were 
reported as hindering factor. Hence, government would have to sanction more funds and 
arrange community level trainings for the guidance of community on risk management.

Vietnam is a flood prone country, and several policies and approached were executed. 
However, still, there is no concrete and comprehensive policy documented on flood manage-
ment in Vietnam. There is dire need of concrete policy followed by law and legislation on 
floods management. Inadequate financial assistance has been seen as constraining factor in 
flood management. Adequate funds provision and boosting early warning system which is 
already meager, could harness the better returns.

Despite of number of flood management approaches in Sri Lanka, only few (probably two) 
sowed successful outcomes. Country also remained unable to implement structural as well as 
nonstructural measures effectively. Moreover, local participation in planning, execution and 
management of flood management policy was ignored.

Indonesia was declared 38th “at risk” country, and multiple strategies and plans were initi-
ated. Local participation in these strategies was scanty and environmental awareness among 
community was low. Lack of coordination among departments and poor forecasting of floods 
were reported major issues yet to be resolved by the government through effective policies.

To render sustainable management of floods across Asia, it is imperative to develop cross-
country linkage and coordination in policy formulation and planning. Mutual financial assis-
tance and technology sharing could support flood management initiatives. Asian countries 
would have to focus on cross country research on policies, assessment and mitigation of flood 
risks.
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Abstract

The most intense spring freshet observed since 1950 in many regions of southern Quebec 
took place in 2008. The goal of the chapter was to examine the influence of natural (La Niña) 
and human (land use and dam management) factors on the characteristics (magnitude, 
duration, timing, and flow variability) of this freshet. As far as natural factors are concerned, 
a positive correlation was found between La Niña events (both moderate and strong) and 
flood peaks in natural rivers. Despite its high intensity, however, the 2008 freshet was pro-
duced by a relatively moderate 2007–2008 La Niña event. The influence of land use, for its 
part, resulted in a higher flood peak but of relatively shorter duration in the agricultural 
watershed (L’Assomption River) than in the forested watershed (Matawin River) due to 
greater runoff in the former watershed. Finally, dam management mode affected the timing, 
duration, and flow variability of the freshet, as well as the number of days with zero flow. 
The greatest changes were observed downstream from the Matawin dam, which causes an 
inversion of the natural annual cycle of flow.

Keywords: spring freshet, La Niña, land use, dam management modes, Quebec

1. Introduction

Flood characteristics (magnitude, duration, timing, frequency, and flow variability) are 
affected by complex interactions between natural (climate and physiography) and human 
(land use and dams) factors. The most intense spring freshet observed in many regions 
of southern Quebec since 1950 occurred in 2008. This freshet led to numerous floods and 
substantial material damage (e.g. [1]). However, no study has looked at the climatic causes 
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of this freshet or the influence of human activity on its characteristics. The main goal of this 
chapter was to fill this gap by constraining the respective influence of climatic and human 
factors.

As far as natural climatic factors are concerned, Assani et al. [2] showed that annual maximum 
daily flows were significantly correlated with the Atlantic Multi-decadal Oscillations (AMO), 
Artic Oscillation (AO), and Southern Oscillation Index (SOI) climate indices in Quebec. 
However, this study did not look at the specific impacts of El Niño and La Niña events on 
these flows. From a climate standpoint, the 2007–2008 season was characterized by a moder-
ate La Niña event [3]. One of the goals of the present chapter is to test for a link between La 
Niña events and the magnitude of spring maximum daily flows in southern Quebec, which, 
to date, has not been analyzed. Because the 2008 spring freshet was associated with the occur-
rence of a moderate La Niña event, the underlying hypothesis is that the characteristics of 
spring freshets are independent of the intensity of La Niña events in southern Quebec.

As far as human factors are concerned, many dams have been built in Quebec since the nineteenth 
century to develop natural resources and fulfill the demand for both domestic and industrial 
hydroelectric power [4]. Many studies have looked at the impacts of these works on streamflow 
[5–20] and have shown that the extent of changes in streamflow downstream from these dams 
depends, among other things, on the dam management mode. Four management modes have 
been identified and described, each corresponding with a specific regulated hydrological regime 
downstream from dams. The first regulated hydrological regime is characterized by an increase 
in winter flows and a decrease in spring flows compared to flows in natural rivers. However, 
the annual cycle of flows downstream from dams is preserved: minimum flows occur in winter, 
despite their increase, and maximum flows occur in the spring, during snowmelt. This regime is 
called the “natural-type” regulated hydrological regime because of its similarity with hydrologi-
cal regimes observed in pristine rivers. The second regulated hydrological regime is characterized 
by nearly constant flows throughout the year, with much lower month-to-month flow variability 
than that observed in natural rivers. This is called the “homogenization-type” regulated hydro-
logical regime. The third regulated hydrological regime is characterized by a significant increase 
in winter flows and a commensurate decrease in spring flows, resulting in a complete inver-
sion of the annual cycle of flow downstream from the dams: maximum flows occur in winter in 
the absence of runoff (with precipitation falling mainly as snow), and minimum flows occur in 
springtime during snowmelt. This regime is called the “inversion-type” regulated hydrological 
regime due to the inversion of the annual cycle of flows. The fourth and final regulated hydrolog-
ical regime is observed downstream from dams diverting water from one watershed to another. 
This regime, called the “diversion-type” regulated hydrological regime, is characterized by a 
significant decrease in minimum flows, with maximum flows being conserved.

Several studies looking at the impacts of land use (deforestation and agriculture) on flows 
in rivers in Quebec have shown that land use exerts a greater influence on minimum flows 
(decrease) than on maximum flows (e.g., [21–23]) with little effect on flood flows. Recently, 
Assani et al. [13] showed that in the agricultural L’Assomption River watershed, flood peaks 
are higher than in the forested Matawin River watershed. These authors did not look at the 
impacts of land use on other flood characteristics, however. The second specific goal of the 
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present chapter is to analyze the impacts of dams and land use on the magnitude, duration, 
timing, and flow variability of the 2008 spring freshet by comparing these flows in the two 
watersheds. The underlying hypothesis is that the characteristics of the 2008 spring freshet 
were strongly influenced by land use and dam management modes.

2. Methods

2.1. Choice of watersheds

The analysis of the impacts of La Niña was carried out in two steps. The first step involved 
comparing the 2008 spring freshet characteristics with those of the 2007 and 2009 spring 
freshets under natural conditions at the Joliette station (1340 km2) in the L’Assomption River 
watershed and the Saint-Michel-des-Saints station (1390 km2) in the Matawin River water-
shed, on the one hand, and downstream from the Rawdon dam (1240 km2), on the Ouareau 
River in the L’Assomption River watershed, the Matawin dam (4070 km2) on the Matawin 
River, and the Manouane dam (3686 km2) on the Manouane River, on the other hand. The 
second step involved correlating the magnitude of spring maximum daily flows at stations 
located in natural rivers (Joliette and Saint-Michel-des-Saints stations) and downstream from 
the Ouareau and Matawin dams with quarterly seasonal mean values for summer (from July 
to September), fall (from October to December), and winter (from January to March) of SOI 
indices corresponding with strong and moderate La Niña events since 1950 [3]. The location 
of the five flow-gauging stations analyzed is shown in Figure 1.

To analyze the impacts of land use, the characteristics of the 2008 freshet in the agricultural 
L’Assomption River watershed (Joliette station) and forested Matawin River watershed (Saint-
Michel-des-Saints station) were compared. These two rivers originate in the Canadian Shield, 
and the whole of the Matawin River watershed falls within this geological unit, whereas only 
two-thirds of the L’Assomption River watershed is within this unit, the last third being in 
the St. Lawrence River Lowlands, where all agricultural activity is concentrated. There is no 
agriculture in the Matawin River watershed [7]. Because both watersheds have similar phys-
iographic and climatic characteristics (e.g. [14, 20]), a comparison of spring freshet charac-
teristics as a function of land use between the two watersheds is straightforward. Moreover, 
the watershed surface areas at their respective flow-gauging stations (Joliette station on the 
L’Assomption River and Saint-Michel-des-Saints station on the Matawin River) are also 
similar.

To analyze the impacts of dam management modes, a comparison of the characteristics of the 
2007, 2008, and 2009 spring freshets downstream from four dams was carried out. These four 
dams are the Rawdon (natural-type regulated hydrological regime characterized by maximum 
flows in springtime and minimum flows in winter), Matawin (inversion-type regulated hydro-
logical regime characterized by maximum flows in winter and minimum flows in springtime 
during snowmelt), and Manouane (diversion-type regulated hydrological regime characterized 
by a significant decrease in spring flows and minimum flows in all seasons) dams. The Manouane 
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River flows entirely within the Canadian Shield and is the main tributary of the Péribonka River, 
which flows out into Lac Saint-Jean. This is no agricultural activity in the Manouane River water-
shed. The characteristics of these three dams are shown in Table 1, and their monthly flow coef-
ficients are presented in Figure 2.

Dams Type ID Height (m) Watershed 
surface area 
(km2)

Year of 
construction

Total storage 
capacity (m3)

Reservoir 
surface area (ha)

Taureau 
(Matawin 
River)

Reservoir X0004459 25 4070 1930 946,000,000 9505

Rawdon 
(Ouareau 
River)

Hydroelectric 
power plant

X0004205 14.6 1259 1913 5,976,417 194

Manouane 
(Manouane 
River)

Diversion dam X2015243 9.5 3600 2003 70,000,000 –

ID, identification number.

Table 1. Dam characteristics.

Figure 1. Location of dams and flow-gauging stations. 1 = Manouane dam, 2 = Manouane station, 3 = Matawin reservoir, 
4 = Saint-Michel-Des-Saints station (upstream from Matawin reservoir), 5 = Matawin station (downstream from reservoir), 
6 = Rawdon dam, 7 = Rawdon station (downstream from dam), 8 = Joliette station (L’Assomption river), 9 = Matawin 
watershed, 10 = Ouareau watershed, 11 = L’Assomption watershed, and 12 = Manouane watershed.
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2.2. Sources of data and definition of spring freshet characteristics

Daily flow data downstream from the Rawdon and Manouane dams were taken from the web-
site of the CEHQ [24]. As for flow data measured downstream from the Matawin dam, they 
were kindly provided by Hydro-Québec, the dam manager since 1963. SOI index data were 
taken from the National Oceanic and Atmospheric Administration (NOAA) website [25]. The 
characteristics of the 2007, 2008, and 2009 spring freshets used in the comparisons are as follows:

• Maximum flow magnitude (Qmax, spring maximum daily flow for a given year) during the 
spring freshet, expressed in l/s/km2 in order to compare magnitude values between water-
sheds of different sizes.

• Timing (TQmax) of these maximum flows, expressed in Julian days.

• Total duration in days (DQmax) of the spring freshet, which is the total number of days that 
the freshet lasted.

• Spring freshet flow variability, measured using two indices [12]: the coefficient of varia-
tion (CV), expressed as a percentage, and the coefficient of immoderation (CI). The former 
index is a measure of the inter-day variability of flows during the freshet and the latter, 
which is the ratio of maximum (Qmax) and minimum (Qmin) flows during the freshet, 
is a measure of the maximum amplitude of the variability of extreme flows during the 
freshet.

• Total number of days with zero flow (NDZF) during the spring season (from April to June). 
These are the days during which flows become nil (total cessation of flow in channels).

Figure 2. Monthly flow coefficients downstream from the three dams.

Analysis of the Influence of the 2007–2008 La Niña Events, Land Use, and Dam Management Modes...
http://dx.doi.org/10.5772/intechopen.68646

209



For precipitation, data were taken from a Quebec scale map of the amount of snow (snow-
fall) measured during the winter of 2007–2008 (from November 2007 to March 2008) by the 
Ministère du Développement durable, de l’Environnement et de la Lutte contre les change-
ments climatiques (Mddelc) [26, 27].

3. Results

3.1. Analysis of the influence of La Niña events and land use on the characteristics of 
spring freshets in natural rivers

The characteristics of the 2007, 2008, and 2009 spring freshets are presented in Table 2, and the 
inter-day variability of freshet daily flows is shown in Figures 3 (Joliette station) and 4 (Saint-
Michel-des-Saints station). In both watersheds, the magnitude of the freshet (Qmax) was higher 
in 2008 (La Niña year) than in 2007 and 2009. However, during the 3 years, this magnitude 
is higher in the agricultural watershed (L’Assomption River) than in the forested watershed 
(Matawin River). As for freshet duration, the 2008 freshet lasted longer than the 2009 freshet 
but not as long as the 2007 freshet. The 2008 freshet occurred nearly synchronously in both 
watersheds. In the agricultural watershed, the 2008 spring freshet occurred almost on the 
same date as the 2007 freshet but later than in 2009 (Figure 3). In contrast, in the forested 
Matawin River watershed, the 2008 freshet occurred slightly earlier than in 2007 and 2009 
(Figure 4). The two flow variability indices (CV and CI) reveal that the variability of flows 
during the 2008 freshet was stronger than in 2009 but not as high as in 2007. In both water-
sheds, values of both flow variability indices are similar. Finally, no days with zero flow were 
observed in either watersheds during the 3 years.

Table 3 compares values of the magnitude of spring maximum daily flows as a function of 
moderate and strong La Niña events since 1950. The highest magnitude value since 1950 was 

L’Assomption River (agricultural watershed) Matawin River upstream from dam (forested 
watershed)

2007 2008 2009 2007 2008 2009

Qmax (l/s/km2) 187.3 206.7 143.3 123.7 157.1 99.7

Duration (days) 31 24 15 43 31 24

Timing (JD) 115 114 96 117 115 119

CV (%) 65.1 48.4 46 69.4 51.4 32.3

CI 12.1 5.7 3.6 8.3 5.4 2.8

NZFD 0 0 0 0 0 0

JD, Julian day; timing of Qmax 2008, La Niña year; NZFD, number of zero flows days.

Table 2. Comparison of the characteristics of spring freshets under natural conditions.
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Matawin River watershed, the 2008 freshet occurred slightly earlier than in 2007 and 2009 
(Figure 4). The two flow variability indices (CV and CI) reveal that the variability of flows 
during the 2008 freshet was stronger than in 2009 but not as high as in 2007. In both water-
sheds, values of both flow variability indices are similar. Finally, no days with zero flow were 
observed in either watersheds during the 3 years.

Table 3 compares values of the magnitude of spring maximum daily flows as a function of 
moderate and strong La Niña events since 1950. The highest magnitude value since 1950 was 

L’Assomption River (agricultural watershed) Matawin River upstream from dam (forested 
watershed)

2007 2008 2009 2007 2008 2009

Qmax (l/s/km2) 187.3 206.7 143.3 123.7 157.1 99.7

Duration (days) 31 24 15 43 31 24

Timing (JD) 115 114 96 117 115 119

CV (%) 65.1 48.4 46 69.4 51.4 32.3

CI 12.1 5.7 3.6 8.3 5.4 2.8

NZFD 0 0 0 0 0 0

JD, Julian day; timing of Qmax 2008, La Niña year; NZFD, number of zero flows days.

Table 2. Comparison of the characteristics of spring freshets under natural conditions.
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Figure 3. Comparison of the inter-day variability of spring daily flows in 2007 (blue or fair grey dotted curve), 2008 (red 
or grey full curve, La Niña year), and 2009 (black or dark grey broken or discontinuous curve) at the Joliette station on 
the L’Assomption River.

Figure 4. Comparison of the inter-day variability of spring daily flows in 2007 (blue or fair grey dotted curve), 2008 (red or 
grey full curve, La Niña year), and 2009 (black or dark grey broken or discontinuous curve) at the Saint-Michel-Des-Saints 
station upstream from Matawin dam (Matawin River).
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measured during the 2007–2008 event in both watersheds, despite the moderate intensity of 
this La Niña event. There is, however, a significant positive correlation between La Niña event 
intensities, expressed by values of the SOI indices, and the magnitude of spring freshets in 
both watersheds (Table 4). This correlation is only significant for winter SOI indices.

3.2. Analysis of the influence of dam management modes on the characteristics of  
spring freshets

As in natural rivers, the magnitude of freshet flows is higher in 2008 than in 2007 and 2009 
downstream from the three dams (Table 5 and Figures 5–7). A comparison of the dams shows 
that magnitude is lower downstream from the Matawin dam, characterized by an inversion-
type flow regime, than being downstream from the other two dams. The freshet lasted longer 
in 2008 than in 2007 and 2009 downstream from the Ouareau and Manouane dams, but the 
opposite is true downstream from the Matawin dam, where the duration of the 2008 spring 

Year of occurrence of La 
Niña events

Intensity of events* Maximum flows

Joliette station 
(L’Assomption river)

Saint-Michel-Des-Saints 
station (Matawin River)

1955–1956 M 87 113

1970–1971 M 140 149

1973–1974 S 214 212

1975–1976 S 262 173

1988–1989 S 121 122

1998–1999 M 115 118

1999–2000 M 160 135

2007–2008 M 277 218

2010–2011 M 229 175

*Null [3].
M, moderate event; S, strong event.
The informations about 2007-2008 La Niña event are showed in bold.

Table 3. Comparison of maximum daily flows (m3/s) for spring flood peaks in pristine rivers as a function of La Niña 
event intensity since 1950.

River stations JAS OND JFM

Joliette station (L’Assomption River) 0.0014 0.3411 0.6472

Saint-Michel-Des-Saints (Matawin River) −0.1885 0.3317 0.7728

JAS, from July to September; OND, from October to December; JFM, from January to March. Statistically significant 
coefficients of correlation at the 5% level are shown in bold.

Table 4. Coefficients of the correlation between spring flood peaks and mean quarterly seasonal indices for the nine 
moderate and strong La Niña events (SOI indices values) since 1950 in natural rivers.
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freshet was roughly half as long as those of the 2007 and 2009 freshets. Downstream from the 
Matawin dam, the freshet occurred later in the season in 2008 than in 2007 and 2009, whereas 
from the Manouane dam, it occurred early in the season. The inter-day variability of flows 
(CV) for the 2008 freshet was lower downstream from the Matawin dam than downstream 
from the other two dams. However, the maximum amplitude of extreme daily flow variations 
during the freshet, expressed as the coefficient of immoderation (CI), was stronger down-
stream from the Matawin dam than from the other two dams. Finally, despite the occurrence 

Ouareau (natural-type regime) Matawin (inversion-type regime) Manouane (diversion-type 
regime)

2007 2008 2009 2007 2008 2009 2007 2008 2009

Qmax (l/s/
km2)

235.4 259.4 183.1 29.2 60.4 53.2 50.6 108.3 81

Duration 
(days)

30 41 15 23 14 28 39 58 41

Timing 
(JD)

114 114 95 152 179 156 129 121 136

CV (%) 68.4 70 49.3 37.7 36.7 59.4 61.2 71.6 59.3

CI 12.2 10.7 4.4 119 246 216.6 12.2 19.4 14

NZFD 0 0 0 48 13 29 0 0 0

JD, Julian Days; Timing of Qmax 2008, La Niña year; NZFD, number of zero flows days.

Table 5. Comparison of the characteristics of spring freshets downstream from three dams.

Figure 5. Comparison of the inter-day variability of spring daily flows in 2007 (blue or fair grey dotted curve), 2008 (red 
or dark grey full curve, La Niña year), and 2009 (black broken or discontinuous curve) downstream from Ouareau dam.
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of the freshet, 13 days with zero flow were observed downstream from the Matawin dam, 
unlike the other two dams. However, this frequency of days with zero flow downstream from 
the Matawin dam was lower in 2008 than in 2007 and 2009. Finally, Table 6 reveals the lack 
of any statistically significant correlation between SOI indices, which are associated with La 

Figure 7. Comparison of the inter-day variability of spring daily flows in 2007 (blue or fair grey dotted curve), 2008 (red 
or dark grey full curve, La Niña year), and 2009 (black broken or discontinuous curve) downstream from Manoaune dam.

Figure 6. Comparison of the inter-day variability of spring daily flows in 2007 (blue or fair grey dotted curve), 2008 (red 
or dark grey full curve, La Niña year), and 2009 (black broken or discontinuous curve) downstream from Matawin dam.
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Niña events, and spring maximum daily flows  downstream from the dams, contrary to what 
is observed for natural rivers, indicating that dams alter the link between climate factors and 
freshet flows.

4. Discussion

Very few studies in the literature have looked at the relationship between freshet characteris-
tics and La Niña events. As far as the magnitude of freshets at the global scale is concerned, 
Ward et al. [27] observed that there are more areas in which annual floods intensify with La 
Niña and decline with El Niño than vice versa. This observation is consistent with results 
of the present study. Thus, a positive correlation was observed between the magnitude of 
spring freshets and values of winter quarterly (JFM) indices associated with moderate and 
strong La Niña events. This correlation, however, is only observed for natural rivers and is 
lacking downstream from dams. Despite this positive correlation in natural rivers, the 2008 
spring freshet, which was the most intense since 1950 in most regions of southern Quebec, 
was caused by a moderate La Niña event. Two factors may account for the exceptionally high 
intensity of the 2008 spring freshet [26–28]:

• Abnormally high snowfalls during the winter of 2007–2008 (from November to March). In 
most regions of Quebec, the highest snowfalls since 1950 were recorded. In all regions of 
Quebec, the amount of snow that fell during that season was at least twice as large as the 
normal seasonal amount.

• Abundant rainfall from April 28 to May 2, which accelerated melting of this abundant 
snow, causing flooding and landslides in several regions of southern Quebec.

As far as land use is concerned, a comparison of the characteristics of the 2008 spring freshet 
between the agricultural L’Assomption River watershed and the wholly forested Matawin 
River watershed showed that spring freshets are of higher magnitude and longer duration in 
the former watershed than in the latter. These differences in hydrological behavior of the fresh-
ets are accounted for higher runoff in the agricultural watershed due to reduced plant cover 
and enhanced soil compaction (decreased porosity) caused by farm machinery [13]. However, 
very little difference was observed in the timing and amplitude of freshet flow variability 
between the two watersheds.

Stations JAS OND JFM

Downstream from Ouareau dam station −0.1774 0.1466 0.5557

Downstream from Matawin dam station −0.0614 0.3559 0.3762

JAS, from July to September; OND, from October to December; JFM, from January to March. No coefficient of correlation 
is statistically significant at the 10% level.

Table 6. Coefficients of correlations between spring flood peaks and mean quarterly seasonal indices for the nine 
moderate and strong La Niña events (SOI indices values) since 1950 downstream from the dams.
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Downstream from the dams, the magnitude of the 2008 freshet was also higher than in 2007 
and 2009, regardless of management mode. Therefore, this factor did not influence the magni-
tude of flows downstream from the dams compared to natural rivers during extreme hydro-
logical events such as the 2008 spring freshet. Flows during this freshet were higher both in 
natural rivers and downstream from dams. In contrast, the other characteristics of the 2008 
spring freshet were strongly affected by differences in dam management modes. Thus, the 
other characteristics of the 2008 freshet downstream from the Matawin dam, characterized 
by an inversion-type regulated regime, are significantly different from those observed down-
stream from the other two dams. The inversion-type management mode is characterized by 
storage of water in the reservoir during springtime (snowmelt and rainfall) and summer 
(rainfall) and its evacuation in winter. There are two reasons for this practice:

• To supply water to hydroelectric power plants built downstream from the reservoirs to 
produce electricity in winter. Thus, water stored in spring and summer is released in win-
ter to supply power plants built downstream because precipitation falls mainly as snow 
(there is no water input from runoff). In the case of the Matawin dam, its reservoir is used 
to supply water in winter to hydroelectric power plants located downstream on the Saint-
Maurice River. This substantial water storage accounts for the occurrence of days with zero 
flow downstream from this dam despite the fact that the freshet is actually taking place in 
natural rivers (see Figure 6).

• To control flood downstream from the reservoirs. To limit flooding caused by natural trib-
utaries downstream from reservoirs, large amounts of water are stored in these reservoirs 
during strong spring freshets, such as the 2008 freshet. This flood control accounts for the 
relatively short and late nature of the 2008 freshet downstream from the Matawin dam. 
Releasing water at the start of the freshet in May would have enhanced the effects of flood-
ing caused by natural tributaries downstream from the reservoir and on the Saint-Maurice 
River. To limit these effects, all the water from the freshet was first stored in the reservoir 
(occurrence of days with zero flow downstream from the reservoir), to be released down-
stream from the reservoir later in June (late occurrence of the freshet downstream from the 
reservoir) over a relatively short period (short duration of the freshet downstream from 
the reservoir).

This practice also resulted in a significant decrease in the magnitude of the freshet down-
stream from the Matawin dam, its late timing (in June rather than in May), its relatively short 
duration, and the strong amplitude of its flow variability due to the occurrence of days with 
zero flow resulting from the storage of all water derived from snowmelt and rainfall at the 
end of April and beginning of May 2008.

5. Conclusion

This chapter highlighted a significant positive correlation between the magnitude of spring 
flood peaks and the intensity (moderate and strong) of La Niña events in Quebec since 1950 in 
natural rivers. Thus, in Quebec, high La Niña intensities are associated with higher magnitudes 
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of flood peaks. Despite this relationship, however, the magnitude of the 2008 spring freshet, 
the strongest to have occurred in Quebec since 1950, is associated with a moderate 2007–2008 
La Niña event. Abnormally high snowfall in winter (from November 2007 to March 2008) and 
very high rainfall in the spring (from April 28 to May 2) account for the exceptionally high 
intensity of this freshet. Thus, both in natural rivers and downstream from dams, the mag-
nitude of the 2008 spring freshet was the highest on record since 1950. This magnitude was 
much higher in the agricultural L’Assomption River watershed than in the forested Matawin 
River watershed. In addition, the freshet was of shorter duration in the former watershed than 
in the latter. This difference in land use, however, did not affect the other characteristics of the 
2008 freshet (timing of flood peak, variability of flows). Downstream from the dams, differ-
ences in management modes had a significant influence on the characteristics of this freshet. 
Thus, downstream from the Matawin dam, characterized by the storage of snowmelt- and 
rainfall-derived water in spring and summer and the release of this water the following winter 
for hydroelectric generation (inversion-type management mode), the 2008 spring freshet was 
characterized by a relatively short duration, a late occurrence of flood peaks, a high amplitude 
(variability) of extreme flows, and, above all, the occurrence of days with zero flow, contrary 
to what was observed downstream from the other two dams. The chapter shows that the same 
extreme hydroclimate event, namely the spring freshet, does not induce the same hydrological 
impacts downstream from different dams due to their different flow management modes. This 
must be considered when assessing reserved flows required for the restoration and conserva-
tion of the ecological integrity of fluvial ecosystems in Quebec.
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Abstract

Earth processes, which occur in land, air and ocean in different environment and at different 
scales, are very complex. Flooding is also a part of the complex processes, which need to be 
assessed accurately to know the accurate spatial and temporal changes of flooding and their 
causes. Hydrological modelling has been used by several researchers in river and floodplain 
modelling for flood analysis. In this chapter, factors affecting flash flood, possible options 
of basic input parameters in one- and two-dimensional hydrological models in data sparse 
environment, some case studies and uncertainty in hydrological modelling were discussed. 
This discussion will help the readers to understand the flooding factors, selection of input 
parameters in data sparse environment, a brief insight of one- and two-dimensional hydro-
logical models and uncertainties in their input and model parameters and model structures.

Keywords: flooding, floodplain, modelling, river, uncertainties

1. Introduction

Natural hazards are inevitable, unfortunate events resulting from combination of natural, 
geological and anthropogenic disturbances. Flooding is one of the main natural hazards and 
occurs frequently all over the world [1], especially in Asia and Africa than other countries. 
Every year, flooding incurs loss of life, economy, environment and agriculture. Economic loss 
includes damage to businesses, residential properties, roads, bridges, buildings and automo-
biles. As an example, environmental damage includes contamination of water supplies and 
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destruction to natural habitats by chemical waste and oil spills from vehicles and industrial 
facilities. According to the United Nation’s report [2], floods accounted for 47% of all weather-
related disasters since 1995, affecting 2.3 billion people, killing 1.57 lakhs and incurring dam-
ages of about US$19.3 billion and US$0.83 billion in Asia and Africa, respectively [3].

Flooding is mainly caused as a result of increased settlement along levees, unexpected high 
rainfall, deforestation, sediment deposition and river channel changes [4–7]. Due to heavy 
rainfall in a short period of time, rivers are unable to transport the increased volume of water 
and other materials along its course that results in over-bank flow causing inundation of 
neighbouring lands. Once the river water has overflowed or breached the levees, water races 
through the almost level flood plain submerging the cultivated fields and villages along its 
way causing enormous damage to lives and properties. In-depth exploration into the causes 
and effects of flooding would lead to improved flood risk monitoring, prediction, mitiga-
tion and relief operations. However, poor disaster management practices, limited financial 
resources and high population pressure are some common characteristics of less developed 
countries such as Ethiopia, which affects the monitoring, mitigation and relief operations [8].

Hydrological model, a simplified and conceptual representation of complex hydrological 
processes, provides spatial and temporal changes over large areas and simplifies the com-
plex reality. It is very important to find accurate causes and effects and to understand the 
behaviour of flooding according to their specific locations. The complex processes of river and 
floodplain due to combination of natural and anthropogenic activities have been assessed by 
several researchers [9, 10]. However, hydrological modelling has some uncertainties either in 
input or model parameter, which affects accuracy and efficiency of a model [11, 12]. The poor 
spatial distribution of basic input and model parameters data in hydrological modelling such 
as precipitation, evapotranspiration, infiltration and runoff can affect the model accuracy. For 
example, in complex topography, precipitation has uncertainty in its spatial distribution due 
to uplifting air masses by the wind. Some studies [13, 14] considered precipitation’s spatial 
discontinuity and used different occurrence/non-occurrence estimation approach to improve 
the spatial distribution of precipitation. The spatial distribution of input and model param-
eters also affects the accuracy of river’s geometry such as selection of their spacing [15] and 
channel shape [16].

With the advancement of computational technology, many one-dimensional (1D) and two-
dimensional (2D) hydrological models have been developed for both river and floodplain 
modelling to analyse the behaviour of flooding and to identify the causes and effects of flood-
ing. Several researchers used 1D and 2D models for floodplain modelling [17] and for river 
modelling [18]. The use of mixed approach of 1D and 2D numerical models increases the 
quality of results [17] and also saves time and computer memory, which can be limiting fac-
tors for the application of 2D models [19]. Bladé et al. [19] studied the conservation of mass 
and momentum by coupling of 1D and 2D models for river channels and floodplain, respec-
tively. However, results of these models also affected by the complexity and quality of topo-
graphic and input data [20, 21].

In this chapter, first, the role of factors affecting flash flood and their use in hydrological mod-
elling will be discussed. Secondly, in data sparse environment, the possible options for basic 
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input variables for 1D and 2D modelling techniques would be considered. Finally, some case 
studies based on different 1D and 2D modelling techniques and uncertainties of hydrological 
modelling will be discussed in brief.

2. Factors affecting flash flood

Precipitation is the most important factor in the occurrence of flash flood, but many other 
contributing factors such as natural factors such as catchment characteristics, soil type and 
land use cover or anthropogenic activities at the river and floodplain also increase the flood 
frequency. Therefore, in this section, the role of these factors and their application in hydro-
logical modelling will be discussed.

2.1. Precipitation

The dynamic behaviour and spatial distribution of precipitation due to climate changes is 
a major factor of concern. In general, higher precipitation can result in more runoff but the 
surface condition sometimes will be of greater importance. In hydrological modelling, spa-
tial distribution of precipitation without any discontinuity should be considered in complex 
topography. Castro et al. [14] studied the effect of precipitation discontinuity in complex 
topography where orographic and meteorological parameters are effecting the spatial dis-
tribution of precipitation. Therefore, seasonal shifting of precipitation, extreme precipitation, 
orographic effect and behaviour of meteorological parameters such as wind characteristics, 
temperature and relative humidity are very important to understand the behaviour of pre-
cipitation in any region to get accurate results in hydrological modelling.

2.2. Catchment characteristics

A drainage basin is an area having a common outlet for its surface runoff. When rain falls on 
a drainage basin, the movement of water towards common outlet depends on the size and 
shape of the area. The size of the contributing area of precipitation in a basin has a direct 
influence on the total volume of runoff that drains from that basin. Runoff starting from most 
upstream point of the larger basin will take longer to reach the basin outlet than runoff travel-
ling from the farthest point in the smaller basin, since it needs to travel a longer distance. If 
the basin is circular in shape, the precipitation will enter the river at roughly the same time 
because all points in the basin are equidistant from one another and vice versa (Figure 1). 
This will produce a high peak discharge and can lead to flash floods. Basin shape also has an 
influence on magnitude and timing of the peak flow at the basin outlet. Figure 2 shows two 
basins of equal area with different size in which runoff is more likely to arrive at same time 
to the outlet in small size.

Stream density is another important characteristic of a drainage basin which is the length of all 
channels within the basin divided by the area of the basin. A drainage basin with a large num-
ber of tributaries has a higher stream density than a basin with very few tributary streams. 
Higher stream density allows the terrain to drain more runoff and vice versa. Moreover, slope 
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maintains moisture, which increases river’s discharge and triggers flash flood. The above dis-
cussions indicates that the basins of the study area should be prioritized on the basis of flood 
risk and then hydrological modelling has to be carried out in prioritized basins, which will 
save simulation time and give better results.

2.3. Soil characteristics

Precipitated water first encounters intercepting surfaces such as foliage and man-made structures, 
then infiltration starts when surface water interacts with soil or bed rock. It first restores the soil 
moisture deficiency and then percolates downward by the force of gravity and reaches the water 

Figure 1. In basin (a), time taken from starting point to the outlet is less as compared to basin (b).

Figure 2. In (a) basin, water is more likely to come at same time than the basin (b).
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table [22]. During this process, soil properties and bed rock properties play an important role in 
the movement of water. Soil texture refers to the relative proportion of sand, silt and clay-sized 
particles, which controls the infiltration capacity of the basin. Clay and silt soils have the ability 
to retain high soil moisture while sandy soil ability to retain soil moisture is poor. De Lannoy 
et al. [23] explained in detail the control of soil properties on the spatial-temporal variability of 
infiltration and soil moisture processes, while Ref. [24] explained the influence of land use on 
soil moisture. Apart from soil properties, decomposing plant material on the surface also affects 
infiltration and runoff considerably. Litter (fresh leaves) and duff (fermented humus) are the two 
layers on the forest floor [25]. These two layers, especially the duff layer, aids in water repellence 
and affects the rate of infiltration [26]. Table 1 shows different hydrological properties for different 
soil material. These properties should be included in hydrological modelling for accurate results.

2.4. Land use and land cover

Land cover and land use are essential influences on runoff. If a basin has very dense vegeta-
tion cover, the vegetation will intercept precipitation and store it, reducing the volume of 

Classification Hydraulic 
conductivity (in/h)

Porosity Soil suction Volumetric moisture deficiency

Dry (% diff) Normal (% diff)

Sand and loamy 
sand

2.41–8.27 0.437 1.9–2.4 35 30

Sandy loam 1.02 0.437 4.3 35 25

Loam 0.52 0.463 3.5 35 25

Silty loam 0.27 0.501 6.6 40 25

Silt – – 7.5 35 15

Sandy clay loam 0.17 0.398 8.6 25 15

Clay loam 0.09 0.464 8.2 25 15

Silty clay loam 0.06 0.471 10.8 30 15

Sandy clay 0.05 0.430 9.4 20 10

Silty clay 0.04 0.479 11.5 20 10

Clay 0.02 0.475 12.5 15 5

Very slow <0.063

Slow 0.06–0.203

Moderately slow 0.20–0.633

Moderate 0.63–2.03

Rapid 2.0–6.33

Very rapid >6.33

Table 1. Soil properties that affect infiltration [27].
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Area description C Area description C

Business: Agricultural land:

Downtown areas 0.70–0.95 Bare packed soil

Neighbourhood areas 0.50–0.70 Smooth 0.30–0.60

Residential: Rough 0.20–0.50

Single-family areas 0.30–0.50 Cultivated rows

Multi-units, detached 0.40–0.60 Heavy soil, no crop 0.30–0.60

Multi-units, attached 0.60–0.75 Heavy soil, with crop 0.20–0.50

Suburban 0.25–0.40 Sandy soil, no crop 0.20–0.40

Apartment 0.50–0.70 Sandy soil, with crop 0.10–0.25

Industrial: Pasture

Light areas 0.50–0.80 Heavy soil 0.15–0.45

Heavy areas 0.60–0.90 Sandy soil 0.05–0.25

Parks, cemeteries 0.10–0.25

Playgrounds 0.20–0.35 Woodlands 0.05–0.25

Railroad yard areas 0.20–0.40 Streets:

Lawns: Asphaltic 0.70–0.95

Sandy soil, flat, 2% 0.05–0.10 Concrete 0.80–0.95

Sandy soil, avg., 2-7% 0.10–0.15 Brick 0.70–0.85

water entering a river. It also helps in binding the soil. In vegetation-sparse basin, the soil is 
highly susceptible to mass wasting which can cause huge volumes of sediment deposition on 
the riverbed which affect hydraulic geometry of a river. The hydraulic geometry refers to the 
interrelationship between water and sediment discharge, stream width, depth, velocity and 
river platform [28]. In channel, vegetation slows the velocity of the water flowing in it. The 
slower the water moves, the higher the water level, and the greater extent to which the flood-
plain surrounding the river will be inundated. This, however, can reduce downstream flood 
levels and flows. Vegetation also supports river banks in decreasing erosion and increasing the 
deposition of sediment. Urbanisation near the river or in floodplain also enhances the flood-
ing frequency by reducing infiltration and increasing surface runoff into a river. Urbanisation 
generally involves the laying down of tarmac and concrete, impermeable substances that will 
increase surface runoff into the river and therefore increase the river’s discharge.

In hydrological modelling, man-made structure along the river such as bridges, culverts, 
embankments, spillways and weirs should be included which gives accurate results for run-
off. The runoff coefficient (C) is a dimensionless coefficient in hydrological modelling which 
is related to the amount of runoff to the amount of precipitation received. It has a larger value 
for areas with low infiltration and high runoff and lower for permeable, well-vegetated areas. 
A high C value may indicate flash flooding areas during storms as water moves fast overland 
on its way to a river channel or a valley floor (Table 2).
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The roughness coefficient is also an important factor in terms of energy loss in both river and 
floodplain flowing water. The Manning’s equation is a well-known equation used by almost 
all hydrological models to calculate channel roughness, which is given by:

  Q =   c __ n    AR     2 __ 3     S     1 __ 2     (1)

where c is the constant, Q is the flow (length3/time), A is the cross-sectional area (length2), 
R is the hydraulic radius (length) = A/P, P is the wetted perimeter (length), S is the slope 
(length/length) and n is Manning’s roughness coefficient. The selection of Manning’s n values 
is important for accurate results because of its high variability and dependence on the number 
of factors such as surface roughness, vegetation, channel irregularities, channel alignment, 
scour and discharge, seasonal changes, temperature and suspended material and bedload 
[31]. Table 3 shows some basic natural and man-made channel and floodplain conditions 
with their n values which can be used in hydrological modelling.

Area description C Area description C

Sandy soil, steep, 7% 0.15–0.20 Unimproved areas 0.10–0.30

Heavy soil, flat, 2% 0.13–0.17 Drives and walks 0.75–0.85

Heavy soil, avg., 2–7% 0.18–0.22 Roofs 0.75–0.95

Heavy soil, steep, 7% 0.25–0.35

Table 2. Runoff coefficient (C) values [29, 30].

Type of channel and description Range

A. Natural streams

1. Main channels

a. Clean, straight, full, no rifts or deep pools 0.025–0.033

b. Clean, winding, some pools and shoals 0.033–0.060

c. Sluggish reaches, weedy, deep pools 0.050–0.080

d. Very weedy reaches, deep pools, or floodways with 
heavy stands of timber and brush

0.070–0.150

2. Floodplain

a. Pasture no brush 0.025–0.035

b. Cultivated areas 0.020–0.050

c. Brush 0.035–0.160

d. Trees 0.030–0.160

3. Mountain streams, no vegetation in channel, banks usually steep, with trees and brush on banks submerged

a. Bottom: gravel, cobbles and few boulders 0.030–0.050

b. Bottom: cobbles with large boulders 0.040–0.070
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3. Basic input variables in data sparse environment

In order to achieve accurate flow magnitudes and water levels in 1D and 2D hydrological 
models, it is needed to use parameters that accurately describe the channel and flood plain 
geometries [31]. Digital elevation model (DEM) is an input in any hydrological modelling 
and its resolution significantly affects the accuracy of results. Although high resolution DEM 
such as airborne LIDAR (light imaging, detection, and ranging) bathymetry (ALB) tech-
nology (up to 2.5 m resolution topographical data) is available, the freely available space-
borne Thermal Emission and Reflection Radiometer Global Digital Elevation Model (ASTER 
GDEM) of 30 m resolution and Shuttle Radar Topographic Mission Digital Elevation Model 
(SRTM DEM) of 90 m resolution can also be used for channel and floodplain geometries. 
However, ASTER GDEM and SRTM DEM has some limitations such as low penetrating 
power into a water column in dark or dirty water (Figure 3) but it can be enhanced by geo-
graphic information system (GIS) by selecting different river cross-section shape.

Several studies have been done for the selection of cross-section shape such as the trapezoid 
and rectangular (horizontal bottom), semicircle, parabolic, catenary, semi-cubic parabolic, egg 
and circular sections (curved bottom). These are generally used in different situations such 
as the hydraulic, economical, hydrogeological and seepage situations [16]. Curved channel, 
especially the parabolic shape, has the advantages such as slope stability and lacking of sharp 
edges [32]. Vatankhah [33] mentioned that the best hydraulic sections are those which have 
the least wetted perimeter for a given cross-sectional area and have the maximum hydraulic 

Type of channel and description Range

B. Lined or built-up channels

1. Concrete 0.011–0.025

2. Concrete bottom float finished with different types of 
sides

0.015–0.035

3. Gravel bottom with different types of sides 0.017–0.036

4. Brick 0.011–0.018

5. Metal 0.011–0.030

6. Asphalt 0.013–0.016

7. Vegetal lining 0.030–0.500

C. Excavated or dredged channels

1. Earth, straight and uniform 0.016–0.033

2. Earth, winding and sluggish 0.023–0.050

3. Dragline-excavated or dredged 0.025–0.060

4. Rock cuts 0.025–0.050

5. Channels not maintained, weeds and brush 0.040–0.140

Table 3. Manning’s values for different types of channels and floodplains [31].
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radius. As far as channel cross-section spacing is concerned, Ref. [34] presented several guide-
lines for the choice of cross section and distance between them on the basis of river geom-
etry and flows. Ref. [15] investigated the guidelines and their results confirmed the validity 
of these rules on the optimal spacing between cross sections. They also mentioned different 
equations for cross-section spacing based on different situations.

Land use and land cover are also an important input parameter in hydrological modelling 
because they affect the runoff frequency. The user has to assign values for different land cover 
classes as given in Tables 1 and 2. In high-resolution data sparse environment such as SPOT 5 (2.5 
m resolution), IKONOS (4–1 m), QuickBird (2.4–0.61 m) and WorldView-2 (2.4–0.46 m), freely 
available Landsat data of 30 m resolution play a crucial role in the classification of land use and 
land cover. This data is useful because Landsat sensors record blue, green and red light along 
with the near-infrared, mid-infrared and thermal-infrared light. Landsat data has been used to 
monitor water quality, glacier recession, sea ice movement, invasive species encroachment, coral 
reef health, land use change, deforestation rates and population growth. Landsat is also helpful 
in assessing the damage from natural disasters such as fires, floods and tsunamis, and subse-
quently help in planning disaster relief and flood control programs [35]. Many studies have 
investigated the spatial-temporal changes of the earth surface, which could be used in place of 
fieldwork data [36–39]. In 2D hydrological modelling, user has to assign several floodplain and 
river man-made structures. So these structures can be assigned from Landsat data with the help 
of Google Earth information because of the difficulty in identifying objects in 30 m resolution.

4. One-dimensional model

A flood occurs due to bursting of river’s banks and the water spills onto the floodplain. 
The nature of the terrain around a river will tell how quickly rainwater reaches the chan-
nel. Upstream anthropogenic activities and topographic changes result in increased rates 
of sedimentation, which modifies the river geometries and results in downstream flooding. 
A river flood simulation helps us to understand the spatial-temporal changes in the nature 
of the river and its effects on the surrounding environment [28]. Hence, for river modelling, 
1D modelling is essential to know the behaviour of river flooding. In 1D modelling, it is 
assumed that all water flows in the longitudinal direction. One-dimensional model repre-
sents the landscape as a sequence of cross sections and simulate flow to estimate the average 
velocity and water depth at each cross section [20].

Figure 3. Two river cross sections. Cross section (a) is derived from LIDAR-based DEM while (b) is derived from 
ASTER GDEM.
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4.1. Overview of HEC RAS

Hydrologic Engineering Centre’s River Analysis System (HEC-RAS), well-known and widely 
used freely available software for 1D simulation with GIS compatibility, was developed by 
Ref. [40]. HEC-RAS can perform steady and unsteady flow hydraulics, sediment transport/
mobile bed computations and water temperature modelling. The implementation of HEC-
RAS requires huge amount of data. Several studies have been done using HEC-RAS, such 
as unsteady flow and sediment modelling [41], steady and unsteady flow simulations [42], 
discharge estimation [43], determination of freedom space for rivers [44], bedload transport 
computations [45], backwater height calculation [46], flood analysis [18, 44, 47], bedrock chan-
nel morphology variations [48], sediment transport simulation [49, 50], cross-section spacing 
testing [51], hydrologic simulation [52] and river water surface profile simulation [53].

4.2. Overview of MIKE 11

MIKE 11 is another widely used, but not free, 1D hydrological model. It can perform flood 
analysis, dam break analysis, water quality analysis, sediment transport analysis, optimiza-
tion of reservoir and river structure operations, river salinity intrusion analysis, integrated 
flood and catchment modelling and wetland restoration studies [54]. Some of the studies 
found in the literature are river stage simulation [55], groundwater response investigation 
to overland flow and topography [56], lowland wet grassland modelling [57], water resource 
management [58], organic carbon loading simulation [59], dam impact on water and sediment 
[60] and runoff estimation [61].

4.3. Case studies of 1D model

Several case studies have been conducted using 1D models to show their capabilities in flood 
analysis. The estimation and selection of river cross section have been discussed in the above 
section. Apart from river cross-section selection, spacing between cross sections and in-chan-
nel vegetation effects on river geometry are also assessed by some researchers. Ali et al. [51] 
tested different cross section using LIDAR-based DEM in HEC-RAS without including any 
hydraulic structural across the river and found negligible difference between different cross-
section spacing. Castellarin et al. [15] retrieved different number of cross section from high-
resolution Digital Terrain Model (DTM) for their study. They found that once the satisfactory 
spacing is achieved depending on riverbed geometry, physical wave flood and tide shape, 
the inclusion of additional cross sections into the 1D hydraulic model does not necessarily 
improves the model accuracy. Ali et al. [51] studied the influence of downstream in-channel 
vegetation on cross-sectional geometry and found that with decreasing slope at the down-
stream, the velocity also decreases due to in channel vegetation and hence widening of river 
takes place. Mohammadi et al. [47] conducted a simulation of flood by suing HEC-RAS to 
estimate flood damages. Pietsch and Nanson [62] compared the performance of the artificial 
neural network (ANN) technique with MIKE 11 for hydrologic simulation and found bet-
ter results by ANN in terms of goodness-of-fitness and Nash–Sutcliffe index while MIKE 11 
showed good results in terms of RMSE. One-dimensional flow is the limitation of 1D model 
and hence it cannot give causes of flooding from floodplain.
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5. Two-dimensional models

Two-dimensional hydraulic models are either based on finite element or finite volume to 
solve steady or unsteady flow equations in which water flows both longitudinally and later-
ally. The finite element method is a numerical procedure for solving differential equations in 
which continuous quantities are approximated by sets of variables at discrete locations form-
ing a network [63]. Some of the widely used 2D models are HEC-RAS 2D, LISFLOOD-FP and 
FLO-2D.

5.1. Overview of HEC-RAS 2D

HEC-RAS 2D is a newly developed model and it has the ability to perform both in 1D and 2D 
hydrodynamic routing with unsteady flow separately as well as the combination of 1D and 
2D unsteady flow by solving Saint-Venant or diffusion wave equation which allows user to 
work on larger river systems. For more details of this model, readers can pursue to model’s 
reference manual [64].

5.2. Overview of LISFLOOD-FP

LISFLOOD-FP is a two-dimensional hydrodynamic model specifically designed to simulate 
floodplain inundation in a computationally efficient manner over complex topography. It is 
capable of simulating grids up to 106 cells for dynamic flood events and can take advantage 
of new sources of terrain information from remote sensing techniques such as airborne laser 
altimetry and satellite interferometric radar. The model predicts water depths in each grid 
cell at each time step, and hence can simulate the dynamic propagation of flood waves over 
fluvial, coastal and estuarine floodplains [65].

5.3. Overview of FLO-2D

FLO 2D is a volume conservation, flood routing and grid-based 2D model (economical as 
compared to MIKE 11) which uses a dynamic-wave momentum equation and a finite-differ-
ence routing scheme [66] and routes precipitation-runoff and flood hydrographs over uncon-
fined surfaces and channels using either kinematic, diffusive or dynamic wave approximation 
to the momentum equation [67]. It can be used to delineate flood hazards and regulate flood-
plain zoning. While FLO 2D can simulate over-bank flows, it can be used to solve other flood-
related problems, such as unconfined flows over complex plains and split channels, mud or 
debris flows and urban flooding [27].

5.4. Overview of MIKE 21

MIKE 21 is a 2D simple and faster Cartesian grid-based hydrological model for free surface 
flow, waves, sediment transport and environmental processes. The flood screening tool (FST) 
option introduces an additional numerical solver for it. A diffusive wave approach brings 
a simpler and thus faster numerical solution that enables even more rapid flood screening 
outputs [54].
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5.5. Overview of TUFLOW

TUFLOW is also a grid-based 2D hydrodynamic model for free-surface flow. It has two prod-
ucts, viz., TUFLOW and TUFLOW FV in which TUFLOW FV has both 2D and three-dimen-
sional (3D) flexible mesh solver. TUFLOW solves the full two-dimensional, depth averaged, 
momentum and continuity equations for free-surface flow using a second-order semi-implicit 
matrix solver. According to Ref. [68], the difference between TUFLOW and other 2D model 
is the inclusion of the viscosity or sub-grid-scale turbulence term that other mainstream soft-
ware omits. A powerful feature of TUFLOW is its ability to dynamically link between their 
1D and 2D networks.

5.6. Overview of XPSWMM

XPSWMM is a fully dynamic hydraulic and hydrologic modelling software that combines 
1D calculations for upstream to downstream flow with 2D overland flow calculations which 
will help in understanding what truly happens to storm water system, foul water system or 
floodplain when waters flow, populations increase or catastrophic events hit. It allows inte-
grated analysis of flow, pollutant transport and sustainable design measures in engineered 
and natural systems including ponds, rivers, lakes, overland floodplains and the interaction 
with groundwater [69].

5.7. Case studies based on 1D and 2D models

In 2D modelling, topographic data and its resolution are utilized in accurate modelling. 
However, the computational cost rises exponentially as the resolution goes finer [11]. Horritt 
[70] conducted 2D finite volume model with mesh resolution ranges from 2.5 to 50 m and 
found better results in high-resolution mesh. Chen et al. [11] proposed an approach by using 
multiple layers on coarse grid cell and found more accuracy with fine grid cell in same pro-
cessing time which will reduce the cost of modelling. Chen et al. [71] built features in coarse 
grids by using the building coverage ratio (BCR) and the conveyance reduction factor (CRF) 
parameters in a 2D model to simulate flooding in urban areas. They found that the proposed 
model can minimise the errors due to terrain averaging and provide a much better accuracy 
of modelling results at a marginally increased computing cost. Liu et al. [56] analysed the 
influence of groundwater and topography on the response characteristics of overland flow 
by using combined 1D and 2D model in arid region. They successfully used fractal-wavelet 
approach to analyse the temporal characteristics of groundwater. Neal et al. [21] used three 
2D explicit hydraulic models (defined as simulating diffusive, inertial or shallow water waves) 
to know the physical complexity needed in flood inundation simulation. They found that 
the diffusive-type model required much longer simulation times while inertia model was 
the quickest. Differences in simulated velocities and depths due to physical complexity 
were within 10% and simpler models were unable to simulate supercritical flows accurately. 
Quiroga et al. [72] used the application of 2D model in flood analysis and found good perfor-
mance when compared with satellite image of the flood event. They found that the simulation 
provide information such as water depth, flow velocity, temporal variation of the flood and 
specific locations where water begins to overflow. Vozinaki et al. [73] compared the combined 
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1D and 2D models by using high-resolution DEM to check the results accuracy and found 
success in estimation of accurate flood hazard area. Some other recent studies of 1D model-
ling are debris flow simulation [74–76], dam break simulation [77], hydrodynamic modelling 
[78] and mudflow simulation [79].

6. Three-dimensional model

One- and two-dimensional hydrological models have some limitations such as the assump-
tion of hydrostatic pressure, more horizontal length than vertical length, viscous shear stresses 
and bed friction on fluid components, roughness implementation on grid plane and macro-
effects of changes of channel shape and direction but these limitations can be improved by 3D 
models [80]. Some of 3D hydrological models are as follows.

6.1. Overview of FLOW 3D

FLOW-3D is a powerful and highly accurate computational fluid dynamics (CFD) software that 
gives engineers valuable insight into many physical flow processes. It allows flexible gridding 
system, which is referred to as free-gridding because grids or geometry can be freely changed 
each independent of the other. FLOW-3D accurately predicts the detail of severe storm and tsu-
nami wave run-up on coastal structures and is used for flash flood and critical structures flood 
and damage analysis. It is also used in large hydroelectric power projects and small municipal 
wastewater treatment systems, which is helpful in finding accurate results for testing design 
options, reduction in complexity and focussing efforts on optimized solutions [81].

6.2. Overview of MIKE 3

MIKE 3 is developed on the same module of MIKE 21, which provides the simulation tools to 
model 3D free surface flows and associated sediment or water quality processes. It also has a 
flexible gridding system. The ideal applications of MIKE 3 are mostly associated with coastal 
and marine hydrological modelling, lake hydrodynamic, ecology and environmental impact 
assessment of marine infrastructures.

Some studies used 3D models in the modelling of river width vegetated floodplain [82], simu-
lation of curved open channel flows [83] and modelling for small debris flows [84]. Various 
1D, 2D and 3D models are listed in Table 4 with their case studies references.

S. No. Model References of related studies

1 HEC RAS [18, 41–53]

2. MIKE 11 [55–61]

3. HEC RAS 2D [72, 73, 85]

4. LISFLOOD-FP [17, 86–89]

5. FLO 2D [66, 67, 90, 91]
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7. Uncertainty in hydrological modelling

Earth processes in which changes occur in land, air and ocean in different environment and at 
different scales are very complex. River and floodplain processes have been studied through 
hydrological modelling which simplify the complex reality of Earth surface. However, 
hydrological model have some uncertainties, which should be included to understand the 
accurate causes and effects of flooding in both river and floodplain. River and floodplain 
modelling are characterized by uncertainties in input and model parameters, model struc-
tures and model calibration. Precipitation, one of the most basic input parameters in rain-
fall-runoff modelling, is taken as a parameter with uncertainty by some recent studies. The 
discontinuity in precipitation has already been discussed in the previous sections. McMillan 
et al. [108] highlights the dependency of rainfall error on the data time step in hydrological 
modelling. Benke et al. [109] analysed the impact of parameter uncertainty on predictions of 
streamflow for a water-balance hydrological model and found that the shape (skewness) of 
the distributed parameter’s uncertainty had a significant effect on model output uncertainty. 
Poulin et al. [110] investigated the effects of model structure and parameter results from dif-
ferent events on the uncertainty related to hydrological modelling in climate change impact 
studies and concluded that the impact of hydrological model structure uncertainty is more 
significant than the effect of parameter uncertainty. Dobler et al. [111] studied the uncer-
tainty of model parameter and hydrological projection in different models and found that 
the hydrological projection uncertainty varied with the choice of models affected by choice 
of model parameters. Engeland et al. [12] explore the effect of input uncertainty and poor 
observation quality on hydrological model calibration and predictions. They found that 
insufficient information of input parameters affects model parameters and hence results in 
poorer calibration and prediction. Therefore, from the above discussion it can be concluded 
that model uncertainty should be given utmost importance for prediction of accurate results.

8. Conclusions

Flood is the most devastating natural hazard in the world. It could be a cause of complex 
topographic and climatic changes on the Earth. Hydrological modelling is a useful tool to 

S. No. Model References of related studies

6. TUFLOW [92–95]

7. MIKE 21 [96, 97]

8. XPSWMM [98–102]

9. FLOW 3D [103, 104]

10. MIKE 3 [105–107]

Table 4. Hydrological models with their related study references.
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determine dynamic behaviour of flooding, its causes and effects. Based on the above discus-
sion, this chapter concludes with the following key points:

• Precipitation is most important factor in flash flood modelling which should be used with-
out any discontinuity. Basin shape, size, slope and stream density, spatio-temporal land 
use and land cover changes are important factor in controlling runoff frequency.

• Soil characteristics and the presence of decomposing plant material on the surface affect 
infiltration rate, which should be considered in hydrological modelling for accurate results.

• In-channel vegetation should also be considered in hydrological modelling which effects in 
changing downstream channel geometry.

• Basins of any study area should be prioritized on the basis of flood risk prior to hydrologi-
cal modelling and then it has to be carried out in prioritized basins, which will save simula-
tion time and will give better results.

• In spite of the use of high-resolution topographic data, which increases processing time and 
computational cost, freely available ASTER GDEM can be used by including multiple layers of 
parameters, which will give accurate results, less processing time and low computational cost.

• In data sparse environment, cross section can be selected as per the above-mentioned meth-
ods, and land use and land cover classification can be carried out from freely available 
Landsat data with the help of Google Earth information.

• Overview of widely used 1D, 2D and 3D hydrological models with their case studies are 
also helpful in knowing the usage of these models for different flood-related studies.

• At last, uncertainties of hydrological modelling were should be taken into account while 
modelling to enhance the results.
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Abstract

In this article, we present evaluations of the different scenarios for building the Mapai 
Dam in the Limpopo River Basin of Mozambique as an integral part of the flood risk 
management in the basin. The study used various decision analysis software packages 
such as V.I.S.A and Decide IT, which are basically instances of decision support systems. 
In order to perform the evaluation, we used sources available to assess the need and fea-
sibility to build the Dam, which provides the basis for our analysis. We first structured 
the problem in order to make it more understandable through a value measurement tree, 
then built a decision making tree to develop different scenarios, whereby we compared 
their outputs based on a probabilistic analysis, according to their storage capacities. The 
results prove that the system is helpful in decision-making process, particularly when we 
face multiple choices.

Keywords: decision support system, flood risk management, Mapai Dam, multicriteria 
decision making

1. Introduction

Mozambique is one of the least developed countries in the Southern African development 
community (SADC) region with 2700 km of coastline [1]. The country is already experiencing 
the devastating effects of droughts, floods, and cyclones on agricultural production such as 
crops, livestock, forest, and fisheries both in rural and in coastal areas from climate change 
[2]. This is true in particular with respect to some shared international basins with hinter-
land countries [3], and moreover within the Limpopo River Basin as a result of the extreme 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



weather and the lack of flood control mechanisms. With an area of about 400,000 km2, the 
Limpopo Basin occupies between 11 and 16% of the area of the four riparian countries, namely 
Botswana, Mozambique, South Africa, and Zimbabwe, and the river flows into the Indian 
Ocean at Mozambique Channel [4] (Figure 1). The population of the basin is approximately 14 
million, of which half is in Botswana and less than 10% is in Mozambique and Zimbabwe [5].

Together with its tributaries, the Limpopo River is expected to be significantly affected by the 
climate change [6] and as a consequence there is an urgent need to address the high vulnerabil-
ity of the population within the basin. The government of Mozambique identified the District 
of Chicualacuala to start the United Nations joint programme (UNJP) on Environmental 
Mainstreaming and Adaptation to Climate Change for the period between 2008 and 2011 
with a total of USD 7 million funding [7]. According to Ref. [8], climate change is expected to 
affect the precipitation, potential evaporation, and runoff in Limpopo Basin, which may bring 
changes in water supply, leading to power shortages due to the reduced rainfall.

In 2000, floods devastated Mozambique with the cost estimated at 20% of the gross domestic 
product (GDP), slowed down the yearly economic growth to 2% [9]. The development of 
Mapai Dam is one of the strategies identified by the government of Mozambique to minimize 
the impact of floods in the Limpopo River Basin, since Mozambique is the only country in 
the basin with limited capacity of water storage among the riparian countries as indicated in 
Figure 1. The statistical data from [4] show that Mozambique has only one dam with a large 
storage capacity, which is the Massingir Dam in the Elephants River with around 2800 Mm3 

Figure 1. Distribution of water demand (as % of mean annual runoff (MAR)) for sub catchments of the Limpopo River 
Basin. Source: Ref. [11].
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of capacity. However, this dam operates below its capacity after going through a technical 
accident in the 1980s. An additional infrastructure is the Macarretane Dam on the Limpopo 
River in Chókwe with approximately 4 Mm3 storage capacity. Botswana has four large dams 
and plans to build additional three in the near future, while South Africa has a quite large 
number of dams, with 160 classified as large storage. In Zimbabwe, there are 12 dams ranging 
from medium to large capacity [10]. The limitation of water storage in the Mozambican sec-
tion worsens the impact of floods, which has negative economic, social, and environmental 
implications. Herein, we analyze the different scenarios and impact of this structural coping 
mechanism.

Limpopo River is of vital importance for the country not only for economic and social systems 
but also for the functioning of natural ecosystems. An illustrative example is Chókwe District 
in the downstream area with strong potential for agriculture based on the irrigation system, 
which is called the granary of the nation, due to the irrigated agricultural practice.

According to Ref. [12], the Master Plan for Prevention and Mitigation of Natural Disasters 
established in March 2006 by the Government of Mozambique (GoM) outlined the emergency 
procedures for government agencies, the structure and organization of the national emer-
gency operations center, and its regional branches. The Master Plan also highlights disaster 
preparedness as an essential part of government concerns to be included in the poverty reduc-
tion strategy (PARPA) as a crosscutting agenda. The set of actions includes the flood early 
warning system, introduction of drought-resistant crops, and the information and communi-
cation management systems for national emergencies. PARPA constitutes one of the guide-
lines for the water resources assistance strategies in the country [2].

One of the objectives of this article is to develop simultaneously an analytical procedure using 
multicriteria decision analysis (MCDA) in order to accommodate different and conflicting 
objectives by the involved stakeholders based on a decision support system (DSS) as a part 
of an MCDA process. Initially, we structure the problem, using value three measurements, 
using V.I.S.A,1 aiming to make the problems more understandable. Lastly, we use Decide IT,2 
a decision-making support system to develop a decision tree to structure the problem and 
develop our analysis.

The outline of this article is as follows: the introduction (present section) gives the back-
ground information about Mozambique and the formulation of the problem. The sec-
ond section summarizes the applied methodology, which is followed by the main water 
resources strategies for the country. The main steps and the key concepts related to MCDA 
and multicriteria decision making (MCDM) are presented in Section 3, while in Section 4, we 
structure the problem and present the basic assumptions toward scenario building in deci-
sion making. Section 5 brings the solution to the study problem, by applying a DSS based 

1V·I·S·A stands for Visual Interactive Sensitivity Analysis. It is a software for decisions with multiple, tough to balance, 
factors; for decisions where no option matches all of the criteria perfectly; or for decisions where more than one person 
has a say in how the decision is made. It does not tell you the “right answer,” it lets everyone involved see for them-
selves what the best overall decision is, weighing up all the factors using a considered and sound process. (http://www.
visadecisions.com/visa_more.php.)
2Decide IT is among the software used at the Department of Computer and Systems Science, developed by Preference-
Consulting Developer of Software for Risk and Decision Analysis (http://www.preference.bz).
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on Decide IT software, where we developed all possible outputs, provided the decision and 
willingness of the stakeholders to abide by the decision. We provided the analysis in Section 
6 along with the discussion of the results, and finally in Section 7, we present the conclusions 
and future work.

2. Methodology and materials

Flood risk management as a multidisciplinary activity is subjected to different and multi-
ple choices in a conflicting situation for the involved stakeholders. In Mozambique, flood 
risk management is under the responsibilities of National Institute for disaster management 
(INGC), but different stakeholders are actively involved in the process. Among these are the 
Mozambique Red Cross, the National Institute of Meteorology, United Nations agencies, and 
the National Defense Forces.

The authors [13] address sensitive analysis as one of the decisive steps in building models, 
and by adopting such concept, we evaluate different options for the development of Mapai 
Dam, taking into consideration different scenarios based on storage capacities, bearing in 
mind two different perspectives: the de facto situation and alternative(s) for building the Dam 
with a specific and optional storage capacity.

Our study was based on a field survey and analysis of documents in order to get insight on 
whether to build or not the Mapai Dam. Moreover, a fieldwork was performed in Chókwe 
District between 8 and 22 April 2013 aiming to assess the impact of floods in the basin and evalu-
ate to what extent the Mapai Dam could influence the management of the basin. About 90% of 
the interviewees indicated that there is a strong need to develop the Mapai Dam in order to min-
imize the impact of floods and also to bring better control on water management for agriculture.

The data collected during the fieldwork were aggregated for different probabilities according 
to responses of the interviewees. Furthermore, the probabilities are incorporated into a cho-
sen decision support system, the Decide IT, which is part of the tools used for our research.

We used the DSS module of Decide IT to build a decision tree for scenario analysis. This can 
be linked to multiple purpose analysis, given the different options that are generated, hence is 
linked to MCDA. The literature survey of different sources of information among  governmental 
documents in regard to strategies for flood risk management over Limpopo River Basin also 
shows to what extent there is need of an effective infrastructure mechanism, see Table 1. The 
Mapai Dam is also listed in the AQUASTAT database for irrigation with a capacity of 11.2 Mm3 
[14], as part of major African basin infrastructures.

Table 1 shows the selection and sources of the material used, which stress the need for the 
development of the Mapai Dam in the Limpopo River Basin in order to minimize the impact 
of floods downstream. The World Bank has shown some commitment to support the water 
resources strategies in Mozambique. In 2007, the organization developed the country’s water 
resources assistance strategy, which congregates different approaches and strategies already 
in use in Mozambique and includes the inputs from consultations with the government, the 
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stakeholders, and the donors as shown in Figure 2. Here the Mapai Dam project development 
is addressed as a part of the strategies for the main water sectors.

In Mozambique and the Limpopo River Basin, there is a need to establish agreements to share 
water resources with the neighbors and build the Mapai Dam on the Limpopo River for irri-
gation purposes, flood control, control of saltwater intrusion, and ensure minimum flows 
for ecological reasons. Based on Ref. [18], there is also a need to promote the development of 
small dams for water supply for livestock and the rural population. According to the National 
Directorate of Water in Mozambique [18], the main source of water supply in urban centers 
in the Mozambique Limpopo Basin (Chókwe and Xai-Xai) is ground water, whose charac-
teristics are covered by Figure 2. It seems that the agriculture sector has increased the use 
of surface water in the basin. The potential irrigable area of the Limpopo River basin in the 
Mozambican territory is estimated around 148,000 ha, of which about 50% is equipped with 
irrigation infrastructure and 27% is operational [18].

The development of Mapai Dam fits within the country’s water resources assistance strategy, 
and it will bring changes in different sectors such as irrigation, urban and rural water supply, 

Title Year Source Type of document

Strategic plan for the development of Gaza Province 2007 [15] Strategic plan

Mozambique Country water resources assistance strategy: Making 
water work for sustainable growth and poverty reduction

2007 [16] Technical consulting 
document

Limpopo Basin permanent technical committee – LBPTC Joint Limpopo 
River Basin Study Scoping Phase

2010 [4] Technical report

Centro de Promoção De Investimentos CPI 2012 [17] Advocacy for investment

Profile of the Limpopo Basin in Mozambique, a contribution to the 
challenge program on water and food project 17 livelihoods: Managing 
risk, mitigating drought and improving water productivity in the water 
scarce Limpopo Basin”

2009 [18] Research project

FCEC-CPLP. Fórum Para a Cooperação Económica E Comercial Entre a 
China E Os Países de Língua Portuguesa

2012 [19] International forum 
advocating investment

Water-use accounts in CPWF basins: Simple water-use accounting of 
Limpopo Basin

2010 [14] Working paper, basin 
focal project series

Sustainable land use planning for integrated land and water 
management for disaster preparedness and vulnerability reduction in 
the Limpopo Basin

2007 [20] Limpopo Basin strategic 
plan

Mozambique: Government looking for funding for Mapai Dam 2013 [21] State House news

Republic of Mozambique: Poverty reduction strategy paper—economic 
and social plan for 2005

2005 [22] IMF country report (No. 
05/312)

Official development assistance to Mozambique Database: Project fact 
sheet for 8 ACP MOZ 024-19

2005 [23] Project fact sheet for 8 
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Limpopo River awareness kit 2014 [24] Official home page

Table 1. List of main references of Mapai Dam through various studies.
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and energy, as well as to reinforce the national water resources and national economic devel-
opments. To meet these challenges Mozambique counts on cooperation of international part-
nership such as with the World Bank and other international assistance as shown in Figure 2.

The development of the Mapai Dam in the Limpopo River Basin is of interest to many of 
the interviewed parties such as the water management authority of the local government, 
farmers, other water management institutions such as administração regional de aguas do sul 
(ARA Sul) and national water administration (ANE), the Government of Gaza, the Center for 
Promotion of Investment, the INGC, the National Institute of Meteorology, the UN agencies, 
and the Mozambique Red Cross. It is clear that in many ways the stakeholders play a decisive 
role for the development of the Mapai Dam.

3. MCDA/(M) methods

According to Ref. [5] by the 1970s, the research on MCDM focused on the theoretical founda-
tions of multiple mathematical programming procedures and algorithms for solving multiple 
objective mathematical programming problems. The author [25] argues that in multicrite-
ria analysis problems several criteria are simultaneously optimized in a feasible set of finite 
number of given choices. The author [26] defines multicriteria decision making (MCDM) as a 
collection of methods to compare, select, or rank multiple alternatives that typically involve 
incommensurate attributes. It is well suited for eliciting and modeling the flood preferences of 
stakeholders and for improving the coordination among the flood agencies, various organiza-
tions, and the affected citizens.

Multi-attribute methods follow two schools of thought: American/Anglo-Saxon and 
European/French. Multi-attribute utility or value theory (MAUT or MAVT) and the analytical 
hierarchy process (AHP) are the main methods used in the United States, while the French 
school developed the outranking methods of ELECTRE (elimination et choix traduisant la realité) 
and preference ranking organization method for enrichment of evaluations (PROMETHEE) 
that are dominant in Europe. In Ref. [27], one can find more details about the advantages and 
disadvantages of both approaches.

Figure 2. Development of the country water resources assistance strategy.
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Decision support system architecture for flood modeling under consideration integrates the 
latest advances in MCDM, remote, GIS, hydrologic models, and real-time flood information 
systems. The author [28] defines a decision support system (DSS) as “a computer-based infor-
mation system used to support decision-making activities in situations where it is not possible 
or desirable to have an automated system performing the entire decision process.” Based on 
Ref. [5], by the 1980s, the emphasis within the MCDM, through the increased use of com-
puters, shifted to DSS. Furthermore, they define the multicriteria decision support system 
(MCDSS) as simply a DSS that implements MCDM and/or MAUT/MAVT models.

The specific characteristics of MCDSS that, in a way, differentiate them from the ordinary 
DSS is that they include analysis of multiple criteria, involvement of MCDM methods, and 
the integration of the user in the input during the modeling process [5]. A DSS is customized, 
interactive computing environment that integrates model/analytical tools, databases, graphi-
cal user interfaces, and other systems. In addition, Levy [26] notes that DSSs are designed to 
help decision makers use data and models to evaluate unstructured problems that require the 
management judgment. A significant number of authors and their work with respect to DSS 
and MCDSS are extensively discussed in Ref. [26].

As in many hydrological hazards within flood risk management, the transformation of quali-
tative factors such as environmental quality, social impact, ecological concerns, and politi-
cal issues into quantitative, financial, values constitute a significant drawback to cost-benefit 
analysis approach. Both qualitative and quantitative issues can be handled within the process 
of decision making through the MCDM because it provides a systematic procedure to the 
decision makers to identify desirable alternatives under uncertainty. According to Ref. [29], 
the process of decision making where multiple conflicting criteria are involved is classified 
into two main stages: (1) multiple objective problems, which have an infinite number of 
feasible alternatives and (2) multiple attribute problems, which have a finite set of feasible 
alternatives. Given the importance of this analysis for our research we performed an MCDA 
analytical process for the dam installation in the Mapai village.

4. Assumptions and problem structuring

Within the sector of water and sanitation, the Strategic Plan for the Development of Gaza 
Province [15] defines the construction of Mapai Dam as one of the top priorities. The main 
objective is to improve the territorial waters and to guarantee the flows of international rivers 
of the Limpopo River Basin. The Mapai Dam site is foreseen between Phafuri and Combomune 
[15] along the Limpopo River, and it has been identified as one of the most strategic location 
for the estimated USD 450 million cost dam [19].

The government of Mozambique (GoM) has been advocating among international partners 
and stakeholders for a fundraising process for the Mapai Dam. The Mozambique Investment 
Promotion Centre [17] is one of the national entities that have led the process. Recently, at 
the Forum for Economic and Trade Cooperation between China and Portuguese-Speaking 
Countries [19], the Mapai Dam was one of the top issues that put forward by the GoM.
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According to Ref. [10], the earlier research done by the end of the 1960s showed that the main 
benefits derived from the development of Mapai Dam are:

(a) Availability of water for irrigation of about 40,000 ha at the low and medium part of Lim-
popo Valley;

(b) Power Center with a capacity to produce 40 MW electricity;

(c) Reduction of migration by providing job opportunities;

(d) Supply of drinking water to the population (presently, the inhabitants are drinking water 
from boreholes); and

(e) Flood protection for Xai-Xai and Chókwe at the Low Limpopo Valley in coordination 
with the Massingir Dam.

In the late 1970s, an additional hydrological study performed in regard to building the Mapai 
Dam showed a reservoir with an estimated 11,200 Mm3 of water at retention level of 180 m 
above Mean Sea Level (MSL), or 6600 Mm3 at 170 m above Mean Sea Level (MSL). In order 
to estimate the impact of the usage of these reservoirs, in the scope of flood control, a brief 
analysis was conducted by ANE in 2006. This analysis, as show in Figure 3, focused on the 
potential changes within Combomune hydrographic designs downstream.

The advantage of value tree measurement illustration is that it can reflect the outcome of the 
brainstorming sessions by the stakeholders with respect to the problem and concerning a 
specific order or a course of action. A study for ANE by Ref. [10] shows that for each size of 
the reservoir and a series of hydrographical analysis, the maximum optimum flow from the 
reservoir was calculated as the maximum flow that allows the reservoir to support its full 

Figure 3. An example of hydrograph model with Mapai at Combomune. Source: Ref. [10].
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capacity, while avoiding an over flow. The calculations, rather simple to perform, require just 
a perfect knowledge of hydrographic effluent. Being an ideal case, it is rather not applicable 
in reality. Nevertheless, it is a good guide for an achievable flood mitigation process when a 
reservoir is used.

To understand the complexity of this project we present in Figure 4 an overview of the value 
tree measure, which provides better understanding of the project.

To demonstrate how different scenarios can be illustrated we used a value measurement tree, 
Figure 4, to structure the different possible outcomes. Based on their profiles, we can evaluate 
the behavior of different outputs in the score profile across the tree. Three potential “active-
volumes” reservoirs used to control the floods were assumed as follows:

(a) 2000 Mm3, close to the capacity of a reservoir initially used for other purpose (for exam-
ple supply of water for irrigation and hydropower) but with separate capacity for flood 
control;

(b) 5000 Mm3, close to the capacity of a reservoir initially used for flood control;

(c) 10,000 Mm3, close to a reservoir of larger capacity with a sophisticated system of forecast-
ing and administration, in order to maximize the primary flood control function.

The value tree in Figure 4 shows how different scenarios can be interpreted and helps to make 
a decision. Here, we can see how the optimal changes in the node of a dam with 10,000 m3 
may bring positive impacts on health facilities, water supply, agriculture, and power supply.

Figure 4. The value tree structure for the Mapai Dam project.
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4.1. Decision making and scenario planning

As discussed before, the issue of the Mapai Dam is a strategic decision for the development 
of the water and sanitation system in Gaza Province [15] with a particular impact along the 
Limpopo River Basin. Prevailing the uncertainty on the topic, due to the absence of data that 
could be used for this particular research, going through academic exercise and in order to 
validate the application used, from the three scenarios defined in this research, we may gener-
ate the following assumptions. Initially, we assume the two alternatives of constructing or not 
constructing the dam, given possible different and conflicting stakeholder opinions, having 
equal probability of 50% each. Alternative one will be to construct the dam at the cost of USD 
450 million according to Ref. [19], and alternative two will be not to construct the dam, mean-
ing to continue with the current situation.

As a result of the fieldwork performed in Chókwe District between 8 and 22 April 2013, we 
selected several probabilistic indicators, which were used to simulate and analyze the data in 
a decision support system, or more specifically, to build an analytical decision tree in Decide 
IT (Figure 5).

This decision three is built based on the three main scenarios (Figure 5), where alternative one is 
branched at Nodes E1, E3, and E5, with probabilities P = 0.4, P = 0.35, and P = 0.25, respectively, 
for building dams with 2000, 5000, and 10,000 Mm3 storage capacity [10]. Based on the literature 
(Table 1) and interviews with the stakeholders in Chókwe District, we summarize that:

(1) With alternative one, the following three outcomes are expected, based on the informa-
tion in [31]:

(a) The 40% probability of installation of a dam with 2000 Mm3 storage capacity will 
bring basic changes to the living standard, with probabilities between 10 and 24% for 
water supply and between 16 and 30% for power supply (node E1);

(a) The 35% probability of the installation of a dam with 5000 Mm3 storage capacity will 
create medium changes to the living standard, with probabilities between 0 and 35% 
for both the water and the power supplies (node E3);

(a) Lastly, the 25% probability for installation of a dam with 10,000 Mm3 storage ca-
pacity should bring significant changes to the living standard, with probabilities 
between 10 and 30% for providing drinking water and irrigation facilities, power 
supply, and job creation (node D1).

(2) Node D1 in Figure 5 illustrates the critical scenario for our research. Regrettably, this is 
not what happens with the node E4, which although provides all qualities given in D1, 
has limitations.

(3) The availability of water for irrigation of about 40,000 ha farmland at the low and middle 
part of the Limpopo Valley is to some extent expected to boost both the agriculture and 
the livestock production capabilities of the area.

(4) Power station with a capacity of 40 MW will increase the capacity of industrial produc-
tion and the access to clean energy.

Flood Risk Management254



4.1. Decision making and scenario planning

As discussed before, the issue of the Mapai Dam is a strategic decision for the development 
of the water and sanitation system in Gaza Province [15] with a particular impact along the 
Limpopo River Basin. Prevailing the uncertainty on the topic, due to the absence of data that 
could be used for this particular research, going through academic exercise and in order to 
validate the application used, from the three scenarios defined in this research, we may gener-
ate the following assumptions. Initially, we assume the two alternatives of constructing or not 
constructing the dam, given possible different and conflicting stakeholder opinions, having 
equal probability of 50% each. Alternative one will be to construct the dam at the cost of USD 
450 million according to Ref. [19], and alternative two will be not to construct the dam, mean-
ing to continue with the current situation.

As a result of the fieldwork performed in Chókwe District between 8 and 22 April 2013, we 
selected several probabilistic indicators, which were used to simulate and analyze the data in 
a decision support system, or more specifically, to build an analytical decision tree in Decide 
IT (Figure 5).

This decision three is built based on the three main scenarios (Figure 5), where alternative one is 
branched at Nodes E1, E3, and E5, with probabilities P = 0.4, P = 0.35, and P = 0.25, respectively, 
for building dams with 2000, 5000, and 10,000 Mm3 storage capacity [10]. Based on the literature 
(Table 1) and interviews with the stakeholders in Chókwe District, we summarize that:

(1) With alternative one, the following three outcomes are expected, based on the informa-
tion in [31]:

(a) The 40% probability of installation of a dam with 2000 Mm3 storage capacity will 
bring basic changes to the living standard, with probabilities between 10 and 24% for 
water supply and between 16 and 30% for power supply (node E1);

(a) The 35% probability of the installation of a dam with 5000 Mm3 storage capacity will 
create medium changes to the living standard, with probabilities between 0 and 35% 
for both the water and the power supplies (node E3);

(a) Lastly, the 25% probability for installation of a dam with 10,000 Mm3 storage ca-
pacity should bring significant changes to the living standard, with probabilities 
between 10 and 30% for providing drinking water and irrigation facilities, power 
supply, and job creation (node D1).

(2) Node D1 in Figure 5 illustrates the critical scenario for our research. Regrettably, this is 
not what happens with the node E4, which although provides all qualities given in D1, 
has limitations.

(3) The availability of water for irrigation of about 40,000 ha farmland at the low and middle 
part of the Limpopo Valley is to some extent expected to boost both the agriculture and 
the livestock production capabilities of the area.

(4) Power station with a capacity of 40 MW will increase the capacity of industrial produc-
tion and the access to clean energy.

Flood Risk Management254

(5) Reduction of migration by creating job opportunities that will ensure the decline of un-
employment rate and rise of social and economic development within the region with 
some positive impact on gender equality. Guarantee to supply potable water to the popu-
lation, which will enable access to clean water and guarantee that school aged girls focus 
on their study requirements and daily responsibilities rather than spending time to fetch 
water for the families.

(6) Flood protection for Xai-Xai and Chókwe at the Low Limpopo Valley in coordination 
with the Massingir Dam. This will provide security to thousands of people and the eco-
nomic assets that are highly exposed to floods risk along the basin, especially to the cities 
that are frequently flooded.

In the next section, we use two decision support software—Decide IT and V.I.S.A—to pro-
vide more analytical options based on the assumed probabilities for each scenario. The main 
motivation on choosing the Decide IT software is that flexibility that it offers on the analysis 
of different options based on a decision tree.

5. The application of DSS

The main purpose of using Decide IT is to accommodate the probabilities discussed in Section 
4.1 in order to build the decision tree model for the Mapai Dam in Gaza Province, taking into 
account different proposals and priorities from various stakeholders.

The output of this process is shown in Figure 5, which illustrates the outcomes derived from dis-
cussions with the stakeholders interviewed during the fieldwork. This decision tree integrates 

Figure 5. Decision making process for the Mapai Dam project.
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multiple objective managements reflected in different scenarios. Hierarchical and network 
models are used to understand the relationships among multiple and competing objectives. 
Nodes E1, E2, and E5 represent different stakeholders’ options and opinions.

Figure 5 depicts different outputs of stakeholders’ options on possible conflicting objectives, 
which represent the scenarios derived from trade-offs and specific benefits that each vari-
ant of the dam may deliver. Modeling processes can also be built on V.I.S.A, another DSS 
extensively used to build MCDA scenarios, through comparative analysis of the behavior 
of score profile across tree from the present situation that ranges from not building a dam to 
the development of the optimal alternative of a dam with the maximum storage capacity, as 
shown in Figure 6.

Figure 6 illustrates the profile of different scenarios that stem from the installation of the dam 
with different storage capacities. The scale varies from worst, which is equivalent to zero 
improvement, to best that corresponds to 100 units. The actual or the current situation, where 
no dam is being built, shows zero units, while a dam of 2000 Mm3 will provide power and 
water up to 50 units of the scale.

A dam of 5000 Mm3 shows some improved results, while the last one even brings changes on 
agriculture and health, which are reflected in a well positioning of all dimensions, namely, 
economic, social, environmental, and coping mechanisms. Usually decision making is based 
on a cost-benefit analysis to determine the optimal alternative. We develop this analysis based 
on the impact of different dam alternatives or options (types and storage capacities), as shown 
in Figure 7, where we can see the effects that different storage capacities have on the economic, 
social, environmental, and particularly, health systems.

As shown in Figures 6 and 7, apart from the financial constraints, the construction of the Mapai 
Dam covers different areas of interest including, but not limited to, demography, water and 
sanitation, flood management, environmental issues, the risk of floods damage, and geology. 
Different types of real life problems in management practice can be formulated as a multicriteria 

Figure 6. Score profile behavior across Tree.
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analysis problem, when one has to involve the evaluation and choice of resources, strategies, 
offers, policies, products, innovations, designs, costs, profits, portfolios, and tools [25].

6. Findings and analysis

The development of the Mapai Dam is considered of vital importance for the basin manage-
ment, particularly in the mitigation of floods and irrigation in Mozambique. On one hand, we 
applied V.I.S.A software to build the value measurement tree in order to understand the com-
plexity of the problem whose resolution may lead to improvements in the economy, social, 
environmental, and coping mechanisms as shown in Figure 5. In Figure 5, we can see the 
progress achievable with respect to water supply, power supply, health issues, and the irriga-
tion facilities for agriculture, which are in direct correlation to the different alternatives for the 
dam storage capacity, and which range from 2000 to 10,000 Mm3.

The analysis of profiles for different sub-criteria by storage capacity also can be addressed in 
another chart, where we can aggregate them all together in the first section of the chart at most left 
of Figure 6. This is followed by a progressive analysis of scenarios with a dam of 2000 Mm3 storage 
capacity where the environmental issues ranks last from worst to best, while the economy leads 
the process, this might result from new capacity of job creation and other social facilities. On the 
second scenario with a dam of 5000 Mm3 storage capacity the economy leads followed by the 
 coping mechanisms and social issues, while the environmental aspects ranks last in the process. 
The scenario of 10,000 Mm3 storage capacity dam brings more reliable and consistent changes 
with coping mechanisms on the top, followed by economic and environmental issues while the 
social area ranks last. Notice that in this scenario, all four dimensions are above 75 units in the 
scale of the worst being 0 to the best being 100 units, respectively. The involved stakeholders 
should agree on the scale and the units to be used in advance.

In addition, some research done was based on the Decide IT software, with the main result 
represented in the decision tree in Figure 5. The tree shows two main branches for the feasi-
bility of Mapai Dam project: two main outcomes are highlighted, alternative one with “Yes” 

Figure 7. Profile of each sub-criterion according to the storage capacity.

Multicriteria Decision Analysis for Flood Risk Management: The Case of the Mapai Dam at the Limpopo River Basin....
http://dx.doi.org/10.5772/intechopen.68978

257



for the development of the dam and alternative two with “No,” which means no action or not 
developing the project, hence no further developments in this branch.

Alternative one with the main sub-decision node E2 “dams of different storage capacities,” 
which shows three main branches, namely for dams with storage capacities of 2000 Mm3 with 
40% probability to be developed, 5000 Mm3 with 35% probability, and 10,000 Mm3 with 25% 
probability, respectively. In the first two scenarios, E1 and E2, we have possibilities to perform 
basic and moderate improvements of water and power supply facilities, while the third sce-
nario with 25% of chances might bring profound and significant changes in the water supply, 
power supply, irrigation for agriculture, and the job creation.

In short, Figure 5 shows two main decisive moments: D1 and D2, which are represented 
by two green squares. D2 represents the preliminary step where the stakeholders choose 
whether to build the dam (alt one) or keep the actual situation (alt two). D1 represents a more 
developed stage, where different options have been developed and evaluated, see nodes E1, 
E2, E3, E4, and E5, which are part of key milestones to the process, nonetheless their results 
were not much feasible to meet the overall objectives, such as shown in the decisive node D1.

7. Conclusion and future work

This research shows how complex problems can be solved through the application of sophis-
ticated tools and techniques, particularly a combination of them as we developed in this arti-
cle. For a real case, using the support of both V.I.S.A and Decide IT we built different scenarios 
and simulated different outcomes; here the value measurement tree helped to understand 
and structure all features and details of the problem, while the decision tree enumerated all 
the possible outputs according to parameters such as the dam storage capacity. For this pur-
pose we used probabilities of the stakeholders, even when those have different preferences. 
Here, we combined the inputs from the reviewed documents with those from the interviewed 
stakeholders in Chókwe. Additional analysis based on monetary values and probabilistic sim-
ulation could be developed as a part of sensitivity analysis, but this is beyond the scope of the 
present research, and, provided that our main aim was to evaluate the possible outputs and 
implications of building the dam, we limited our analysis at this stage. Given the limitations 
of data and time to perform more detailed research, for the present study, we will validate it 
in further research as part of the future work.
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and structure all features and details of the problem, while the decision tree enumerated all 
the possible outputs according to parameters such as the dam storage capacity. For this pur-
pose we used probabilities of the stakeholders, even when those have different preferences. 
Here, we combined the inputs from the reviewed documents with those from the interviewed 
stakeholders in Chókwe. Additional analysis based on monetary values and probabilistic sim-
ulation could be developed as a part of sensitivity analysis, but this is beyond the scope of the 
present research, and, provided that our main aim was to evaluate the possible outputs and 
implications of building the dam, we limited our analysis at this stage. Given the limitations 
of data and time to perform more detailed research, for the present study, we will validate it 
in further research as part of the future work.
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Abstract

Mexico receives an average annual rainfall of 740 mm, which are distributed in the hydrologi‐
cal cycle as follows: 72% evapotranspiration, 21% becomes runoff and 6% as aquifer recharge. 
Within the Mexican territory, exist a great diversity of climates and high spatial and temporal 
variability in water resources availability. In the period 2000–2015, damages from hydrome‐
teorological phenomena in Mexico represented between 60 and 99% of total damages and 
losses at national level due to natural and socioorganizational events. Considering global cli‐
mate change impact on the selection, design and implementation of flood control measures, 
represents a major challenge, since the level of certainty regarding its influence on the vari‐
ables involved, remains insufficient. This chapter provides a description of the main elements 
directly linked to flooding in México, such as a high spatial and temporal variability in water 
resources availability and presence of tropical cyclones in both coasts and climate change. A 
brief summary of the main disasters caused by hydrometeorological phenomena, the annual 
cost of the damages, the main non‐structural measures for flood control and the intervention 
from the Mexican Institute of Water Technology in the use, development and spread of tech‐
nology focused on flood risk management are also included.

Keywords: flood risk, flood risk management, water vulnerability, resilience

1. Introduction

Mexico covers an area of 1.964 million km2 [14], and its annual average rainfall (1981–2010) is 
740 mm, equivalent to 1449 km3, which are distributed in the hydrological cycle as follows: 72% 
evapotranspiration, 21% becomes runoff and 6% as aquifer recharge. In addition, every year 
Mexico receives from the United States and Guatemala 48 km3 through transboundary water‐
sheds and exports 0.43 km3 to the United States, based on the 1944 U.S.‐Mexico Water Treaty [3].

The population, estimated to be around 119.5 million in 2015, ranks 11th in the world, with 
a growth rate of 1.4%, and 77% of the Mexican habitants live in urban areas [15]. Population 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



forecast for 2030 shows this trend will be accentuated in the next years. Therefore, it will be an 
increasing and of water concentrated in metropolitan regions.

Water withdrawals from surface and ground water sources represent 52 and 32.9 km3/year, 
respectively. In total, 77% of the water from rivers and groundwater goes into irrigation, 
whereas 14% is used in domestic applications and 9% for industry [3].

It should be note that 77% of the population that needs to be supplied is located in the north 
and central region of the country, where only 33% of the water resources are found, which 
leads to overexploitation of basins and aquifers [3].

Because of its geographic location, varied orography and furthermore the presence of meteo‐
rological and climatological phenomena at different scales, Mexico presents a great diversity 
of climates and high spatial and temporal variability in water resources availability.

2. Climatological and meteorological aspects

Some phenomena that have influence on intensity on intensity, as well as spatial and temporal 
distribution of precipitation, are severe convective storms, tropical cyclones, cold fronts, easterly 
waves, seasonal Intertropical Convergence Zone (ITCZ) migration, seasonal variability of jet 
streams and warming in the tropical regions, also called dynamics of the East Pacific Warm Pool.

Although tropical cyclones contribute to surface and ground water recharge, due to the atmo‐
spheric moisture transport from the oceans to the continental regions that increase the rainfall 
during the tropical cyclone season, Figure 1, they also lead to severe damage to exposed and 
vulnerable population centres affected by floods.

Figure 1. Historical tracks of tropical cyclones, from 1949 to 2015 in the Pacific and 1851 to 2015 in the Atlantic. Source: 
NOAA [19].
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In Mexico, according to the recorded paths, during the period 2000–2016 in the Pacific 
Ocean, an average of 17.6 tropical cyclones were generated, an average of 15.4 acquired 
name and 3.8 made landfall. While, in the Atlantic Ocean during the same period, an aver‐
age of 15.4 tropical cyclones were generated, an average of 14.8 acquired name and 2.6 
made landfall.

Cold fronts also have great influence; they are present between September and May. Their 
behaviour includes the dragging of cold and humid air masses that can reach as far as the 
southeast of the country.

3. Climate change impact

Considering global climate change impact on the selection, design and implementation of 
flood control measures, it represents a major challenge since the level of certainty regarding 
its influence on the variables involved remains insufficient.

The vulnerability can be defined as the degree to which a system (in this case to water 
resources) is susceptible to adverse effects, and according to the Intergovernmental Panel on 
Climate Change (IPCC) on his Fourth Assessment Report, vulnerability depends on degree of 
exposure, sensitivity and adaptive capacity [16].

Based on this definition, an estimate of the level of the social vulnerability to climate 
change in Mexico municipalities has been made. The following contains a description of the 
publication.

3.1. Atlas of Water vulnerability to climate change in Mexico (Mexican Institute of 
Water  Technology, IMTA, 2016)

IMTA coordinates the analysis, updating and publication of climatic scenarios in Mexico, 
based on the General Circulation Models (GCM) of the Coupled Model Intercomparison 
Project phase 5 (CMIP5) experiment for the historical period 1961– 2000 and greenhouse 
gas emission projections denominated Representative Concentration Pathways 6.0 and 8.5 
(RCP6.0 and RCP8.5), for two periods of the twenty‐first century, from 2015 to 2039 and from 
2075 to 2099, Figure 2. The Atlas of Water vulnerability to climate change in Mexico includes 
scenarios of the effect on maximum temperature, minimum temperature, average tempera‐
ture and precipitation. Furthermore, it includes an estimate of the municipal risk for rainy 
and tropical cyclone seasons, Figure 3.

Maps are one of the most useful tools in flood risk management, since they concentrate 
and synthesize large amounts of information analysed and processed using a geographic 
information system. They play a central role in the delineation of floodplains for differ‐
ent return periods, visualization of change in flow depth and velocity, strategic planning, 
early warning systems, impact analysis on infrastructure and population and damage 
assessments.

Flood Risk Management in Mexico
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4. Area susceptible to flooding

The IPCC defines flood as ‘the overflowing of the normal confines of a stream or other body 
of water, or the accumulation of water over areas that are not normally submerged’. Floods 
include river (fluvial) floods, flash floods, urban floods, pluvial floods, sewer floods, coastal 
floods and glacial lake outburst floods [16].

Some causes of flooding are precipitation associated with hydrometeorological and climatic 
phenomena, snowmelt, drainage conditions in watersheds, deforestation, urbanization, 
poor drainage systems without regular maintenance, inadequate management operation 
of dam systems, failure of constructed or landslide dams, high tide or some combination 
of these.

An example of landslide damming of river at risk of failure occurred in 2007 in the Grijalva 
River, the second largest river in the country by the volume of water it  discharges. A wedge 

Figure 3. Municipal Risk for rainy and tropical cyclone season in Mexico. Source: IMTA [13].

Figure 2. Projected precipitation change for the periods 2015–2039 and 2075–2099, due to climate change. Source: IMTA 

[13].
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of rock and clay material, at 55 Mm3, slid and dammed the stream. The dam was estimated 
to have a height of 80 m, a length of 800 m and a width of 300 m, located downstream of 
the Malpaso Dam and upstream the Peñitas Dam. The town of Juan de Grijalva was located 
on the right bank of the river and was affected by the landslide and the flood wave that fol‐
lowed, both caused the death of 25 people. An estimated volume of 15 mm3 was filling the 
Grijalva River valley and creating a landslide dam which impounded the river. The potential 
risk of failure of this natural dam posed a grave threat to the Peñitas Dam and to more than 
3 million downstream inhabitants of cities, such as Villahermosa, Cárdenas, Comalcalco and 
Huimanguillo (state of Tabasco). The problem was solved by constructing a channel on the 
material slid, so the river was returned to its natural course.

From the analysis of several floods in Mexico, it has been concluded that long‐term heavy 
rainfall in large basins is associated with river flooding, whereas short‐term heavy rainfall in 
small basins is related to pluvial flooding. The flood management strategies must also con‐
sider the presence of debris flow.

The flood problem becomes more complex for the wide range of factors involved and their 
variability, for example, precipitation intensity is already being influenced by climate change. 
In addition, inappropriate development policies encourage unplanned urbanization, piping 
of channels and/or engineering projects that reduce the flow capacity of the rivers.

It has been estimated that 162,000 km2 of the Mexican territory are susceptible to flooding, see 
Figure 4. Although this accounted for only 8% of its territory, the socio‐economic impact may 
be equivalent up to billions of dollars, according to the affected urban zones, their popula‐
tion density, economic activities, existing infrastructure and, above all, their vulnerability and 
resilience.

Figure 4. Location and delineation of the main wetlands in Mexico. Source: INEGI [14].
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5. Severe floods in Mexico

There is information about floods in the city of Tenochtitlan until 1521 and in New Spain in 
later years. Since then, structural and non‐structural measures for flood control have been 
adopted. In Table 1, some of the worst floods recorded in central Mexico are listed.

Some other major floods are presented in Table 2.

Year Event

1446 First great flood in Tenochtitlán, some sectors of the city were flooded due to heavy rainfall [5]

1449 Tenochtitlán suffered another flood and a 16 kilometer long embankment was constructed [20]

1499 Another flood occurred in Tenochtitlán that covered streets and squares and later reached the lake 
through the canals. As a result, the water level of the lake raised and it was necessary to build new 
dykes [17]

1555 On 10th October, intense precipitation began in the Valley of Mexico; after 4 days, people were 
forced to transport in canoes [17]

1604 The city of Mexico suffered floods that persisted during months, the only way of water removal was 
by evaporation. It was then decided to build an artificial outlet to drain excess water into the Tula 
river basin [6]

1607 Heavy rainfall occurred in June in the capital city, which resulted in the most severe flood in the 
country’s capital since the Spanish occupation [17]

1629 Called the Great Flood, it was the most severe in the history of the city. Heavy rains were combined 
and little progress was made in the construction of the General Drainage of the city, it is estimated 
that 30,000 people died [6]

Table 1. Floods in central Mexico.

Year Event

1760 Silao River overflowing caused floods in the city of Guanajuato, with the presence of silt under the 
bridges that reduced the river capacity [18]

1909 The worst flood recorded in the city of Monterrey as a result of the overflowing of Santa Catarina River 
that caused the death of 5,000 people [12]

1982 Due to the effect of Hurricane Paul, numerous floods occurred in several cities in the state of Sinaloa [2]

1985 There were 64 floods in 16 states of the Mexican Republic [2]

1988–1992 Flooding in the state of Veracruz left 75,000 victims in 1988; 52,546 in 1989, 129,565 in 1990, 67,470 in 
1991 and 60,000 in 1992 [2]

1995 Hurricanes Ismael, Roxanne and Opal affected the states of Tabasco, Campeche, Quintana Roo, Yucatan 
and Veracruz [2]. Between 1 June and 31 October, in the state of Tabasco, it rained 1792 mm [1]

1997 Hurricane Paulina caused flooding in the states of Chiapas, Oaxaca and Guerrero [2]

1998 The floods affected 29,000 people in Chiapas and there were 4840 people affected in Oaxaca, leaving 
700,000 people without electricity [2]

Flood Risk Management266



5. Severe floods in Mexico

There is information about floods in the city of Tenochtitlan until 1521 and in New Spain in 
later years. Since then, structural and non‐structural measures for flood control have been 
adopted. In Table 1, some of the worst floods recorded in central Mexico are listed.

Some other major floods are presented in Table 2.

Year Event

1446 First great flood in Tenochtitlán, some sectors of the city were flooded due to heavy rainfall [5]

1449 Tenochtitlán suffered another flood and a 16 kilometer long embankment was constructed [20]

1499 Another flood occurred in Tenochtitlán that covered streets and squares and later reached the lake 
through the canals. As a result, the water level of the lake raised and it was necessary to build new 
dykes [17]

1555 On 10th October, intense precipitation began in the Valley of Mexico; after 4 days, people were 
forced to transport in canoes [17]

1604 The city of Mexico suffered floods that persisted during months, the only way of water removal was 
by evaporation. It was then decided to build an artificial outlet to drain excess water into the Tula 
river basin [6]

1607 Heavy rainfall occurred in June in the capital city, which resulted in the most severe flood in the 
country’s capital since the Spanish occupation [17]

1629 Called the Great Flood, it was the most severe in the history of the city. Heavy rains were combined 
and little progress was made in the construction of the General Drainage of the city, it is estimated 
that 30,000 people died [6]

Table 1. Floods in central Mexico.

Year Event

1760 Silao River overflowing caused floods in the city of Guanajuato, with the presence of silt under the 
bridges that reduced the river capacity [18]

1909 The worst flood recorded in the city of Monterrey as a result of the overflowing of Santa Catarina River 
that caused the death of 5,000 people [12]

1982 Due to the effect of Hurricane Paul, numerous floods occurred in several cities in the state of Sinaloa [2]

1985 There were 64 floods in 16 states of the Mexican Republic [2]

1988–1992 Flooding in the state of Veracruz left 75,000 victims in 1988; 52,546 in 1989, 129,565 in 1990, 67,470 in 
1991 and 60,000 in 1992 [2]

1995 Hurricanes Ismael, Roxanne and Opal affected the states of Tabasco, Campeche, Quintana Roo, Yucatan 
and Veracruz [2]. Between 1 June and 31 October, in the state of Tabasco, it rained 1792 mm [1]

1997 Hurricane Paulina caused flooding in the states of Chiapas, Oaxaca and Guerrero [2]

1998 The floods affected 29,000 people in Chiapas and there were 4840 people affected in Oaxaca, leaving 
700,000 people without electricity [2]

Flood Risk Management266

Urban developments in flood plains are historical in Mexico, the Tabasqueña Plain and the lower 
basin of Bravo River (Tamaulipas), Pánuco River (Tamaulipas and Veracruz), Coatzacoalcos River 
(Veracruz), Papaloapan River (Veracruz); the Coast of Chiapas, the Atoyac, Jamapa, Tecolutla, 
Nautla and Antigua Rivers (Veracruz) and Tulancingo River (Hidalgo) [1] are clear examples of 
areas where frequent flooding can be expected.

6. Additional contributing factors to flood events

In addition to the factors mentioned above, in Mexico, floods occur on low‐lying areas of 
minor capital gain which are likely to be inhabited by the poorest sectors of the population. 
Also there exist a number of misperceptions, even of the authorities. For example, the idea 
that not using a territory during the dry season that is only flooded during the rainy season 
is a waste.

Year Event

1999 The combination of several meteorological phenomena caused one of the worst floods in the city of 
Villahermosa, which resulted in the construction of levees around the city and along urban rivers, as well 
as the implementation of the Comprehensive Flood Control Program (PICI) [1].

2005 In July, Hurricane Emily hit the Atlantic coast of Mexico, Quintana Roo, Yucatán, Tamaulipas and 
Nuevo León were the most seriously affected states. In October, the states of Quintana Roo and Yucatan 
were affected by Hurricane Wilma [8]

2007 On 4 October, the city of Tapachula in Chiapas, suffered the worst disaster in its history, as a result of 
prolonged and heavy rainfall associated with Hurricane Stan [1]

2008 The combined effect of Hurricane Noel and two cold fronts, caused two‐thirds of the city of 
Villahermosa, was flooded during 40 days. Together with the phenomenon of landslide damming of 
Grijalva River, represent two of the greatest natural disasters in recorded history of Mexico [1]

2010 There were floods in the states of Zacatecas, Chihuahua, Veracruz and Tabasco. In relation to the latter, 
the PICI Flood Management Plan was redefined, for what would be the future Comprehensive Water 
Program of Tabasco (PHIT) [1]

2011 This was the second rainiest year in the country, with local flooding in Mexico City and many others 
due to the effects of hurricanes Alex, Karl and Matthew, the cost of damages exceeded the 4000 mdd [7]

2013 Hurricane Jova affected the states of Colima and Jalisco, whereas Arlene affected the state of Veracruz 
and the central part of the country and the state of Hidalgo. For the fifth year in a row, the state of 
Tabasco suffered severe floods [9]

2014 As a result of the incidence of two simultaneous tropical cyclones, Ingrid in the Gulf of Mexico and 
Manuel in the Pacific Ocean, the state of Guerrero was seriously affected. Besides, hurricane Barbara hit 
the pacific coast in state of Chiapas [11]

2015 Heavy damage occurred in the state of Veracruz during October. In addition, the state of Tamaulipas 
and Chihuahua were flooded [10]

Table 2. Major floods in Mexico.
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Furthermore, there is a land‐use regulation by different laws and institutions from the three 
levels of government, which makes its implementation difficult, and a society with a low level 
of insurance culture, which leads the State becoming the insurer.

7. Cost of flood damage in Mexico

The cost of flood damage includes those associated with the impact on infrastructure at urban 
and rural areas; infrastructure for agricultural, industrial or commercial activities, as well 
as transport, communication and public services. This cost also includes indirect damages, 
which are those related to damaged or lost resources‐dependent activities, for example, tem‐
porary or permanent job losses and stopping production chains.

Direct and indirect costs include tangible and intangible impacts, the latter are extremely dif‐
ficult to assess and a common example is human health.

In Mexico, the National Center for Disaster Prevention (CENAPRED) collects informa‐
tion from the public and private sector and estimates the cost of damages due to natu‐
ral and human‐induced hazards, including those associated with hydrometeorological 
events.

In the period 2000–2015, damages from hydrometeorological phenomena have repre‐
sented between 60 and 99% of total damages and losses at national level due to natural 
and socio‐organizational events. Particularly noteworthy is the scale of the damages due 
to hydrometeorological phenomena in 2010, which amounts to approximately $4100 mil‐
lion, Figure 5.

Figure 5. Cost of flood damage due to hydrometerological phenomena (mdd). Data Source: García et al., [7].
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8. Flood control infrastructure

In order to mitigate the risk of flooding in more than 639,000 km of rivers, a large number of flood 
control works have been built. In Mexico, there are more than 5000 km of compacted clay (in some 
cases sand) levees to protect population centres, industrial and agricultural areas against over‐
flowing. When the flood plain conditions allows it, permanent diversion works are constructed, 
including relief channels for diverting excess flow into the sea, a lake or another stream. In places 
where there are large capacity channels for irrigation, they have been used for diverting [21].

In some cases when the neighbourhood of watercourses is lower, it is feasible to use them 
for flood retention even though this land is intended for livestock farming and agriculture; 
this option has been chosen as long as the damage is less than what would occur in protected 
regions. Another measure for flood control is to restore river conditions to recover the capac‐
ity of transport and suppressing of meanders [21].

River canalisation and piping of streams have caused problems in urban areas; however, in 
many instances, this kind of measures is necessary. Nevertheless, due to their size, dams offer 
greater protection; furthermore, they may have multiple purposes such as water diversion, 
water supply of urban areas, irrigation and power generation. It is worth mentioning that some 
are built for the sole purpose of flood protection. In Mexico, dams for flood and siltation control 
have been built to complement flood control actions. There are 810 large dams (classification of 
the International Commission of Large Dams); a total of 5700 have been inventoried and it has 
been estimated to be of the order of 8000 small dams and borders that remain unrecorded [4].

In Mexico, 54% of the dams are earth or rock fill dams, the second type in terms of the quan‐
tity is gravity section with 21%, followed by the buttresses representing only 5%, Figure 6. 
The highest dam is Chicoasén Dam, which belongs to the Grijalva Hydroelectric System with 

Figure 6. Types of dams in Mexico.
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261 meters high, whereas the longest one is Falcon Dam, located between the U.S. state of 
Texas and the Mexican state of Tamaulipas, with 8014 meters length, although there are lon‐
ger levees for flood protection in the city of Villahermosa, Tabasco.

9. Flood control actions

As previously outlined, since pre‐Hispanic times Mexico has suffered from floods and has 
built infrastructure to deal with them; however, these solutions have generally been reactive 
and scattered actions. It is from the 1990s when comprehensive flood control programs have 
been defined such as those implemented in the state of Tabasco.

Later in 2014, the National Program against Hydraulic Contingencies was implemented, 
characterized by a preventive nature rather than reactive and promoting a coordinated par‐
ticipation of the governmental institutions responsible for flood management as well as the 
involvement of civil society.

The program is based on Integrated Flood Management and considers the hydrological basin 
and risk management, besides the adoption of the best possible combination of political, 
administrative, financial and physical strategies and a participatory approach.

A typical weak point in this type of programs is the uncertainty associated to the hydrometeo‐
rological information, and especially to climatic projections in Mexico, it is therefore required to:

• Prioritize the maintenance of hydrometeorological monitoring network.

• Have a national database of validated meteorological and hydrometric data.

• Generate scenarios and disseminate them in support of public awareness about flood haz‐
ard and risk.

• Develop the capacity of the institutions and implement technology focused on solving the 
national flood problem.

• Build resilience and sustainability in cities, both focused on delivering short‐, medium‐ 
and long‐term results, designing strategies and implementing actions to maintain essential 
activities and services during and immediately after a disaster without jeopardizing the 
availability of resources for future generations.

10. Use of technology in flood risk management

There are several institutions that have developed flood control technology, including IMTA, 
a decentralized public agency focused on solving national and regional problems associated 
with water resource management through research and technological developments.

Since 1986, IMTA has carried out projects in all the hydrological regions of Mexico, many of 
which are requested by one or more of the three levels of government and in other cases by 
non‐governmental organizations, educational institutions or private companies.
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Some of the projects developed by IMTA focused on flood risk management are as follows:

• Methodology for flood maps generation: a two‐dimensional hydrological model, which 
allowed to visualize flow depth and velocity, was used to define levels of hazard, vulner‐
ability and risk; it helped to optimize structural and non‐structural measures as proposed.

• Flow characterization in urban areas: flood risk analysis in urban areas considered existing 
storm drainage infrastructure and runoff in streets by hydrologic and hydraulic modelling.

• Hydrological modelling: it was applied in hydrological forecasting systems for 24, 48 and 
72 h that allowed to identify potential flood events and implementing timely measures to 
minimize damages and losses.

• Two‐dimensional modelling using MDE (from LIDAR or Mexican Elevation Continuous 
Database CEM): IMTA has a collection of satellite and cartographic information from all 
over the country. Among its applications, there is a Flood Event Damage Estimation Mod‐
ule that assesses the damage for each MDE pixel.

11. Conclusions

Floods in Mexico lead to high losses due to the vulnerability and exposure of the population, 
rather than the extension of areas which are susceptible to flooding. Despite severe floods 
records in several regions of the country, their impact is communally underestimated.

Hydrometeorological monitoring and hydraulic modelling allow to predict the occurrence of 
floods and estimate the risk for a population centre and then design appropriate precaution‐
ary and control measures before the disaster occurs. However, particular attention should 
be given to the improvement of monitoring networks through maintenance, calibration and 
replacement, as well as the establishment of training and updating programs for stakeholders 
in flood management.

A global approach to water resources management should enable the identification of the 
causes, return period, extension of affected region and expected flood damage; the actual and 
potential effect of urbanization, as well as the planning, installation and implementation of 
structural and non‐structural measures required for its control.

Among the non‐structural measures is the implementation of a flood early warning sys‐
tem, the relocation of vulnerable and exposed buildings, the monitoring of changes in the 
watershed related to flood risk and the environmental effects of flood mitigation measures. 
Furthermore, inter‐agency coordination is imperative to achieve adequate legislation.

The involvement of science, innovation and research in the design of flood control measures is 
essential to propose an effective combination of structural and non‐structural measures; still 
the particular conditions of each case and weaknesses should be carefully considered, there 
is not yet an overall strategy.

The dissemination of flood risks and their impact, as well as the necessary actions for their 
management and positive Results, between civil society and authorities, is recommended. 
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One of the main reasons is the tendency to underestimate the magnitude of flood risk and not 
to consider it as a priority when it comes to allocation of resources.

Learning‐based flood control and management measures designed to withstand flooding are 
part of building urban resilience, which is a necessity in the face of the unplanned urban 
growth proliferation, since this leads to an increase in social vulnerability, exposure and 
greater losses in case of disaster.
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Abstract

This chapter provides an insight into a new approach to estimating the flood quan-
tiles based on rainfall-runoff modelling using multiple rainfall events. The approach is 
based on the prior knowledge about the probability distribution of annual maximum 
daily totals of rainfall in catchments, random disaggregation of the totals into hourly 
values and rainfall-runoff modelling. The new presented method called MESEF (Multi-
Event Simulation of Extreme Flood) combines design event method based on single-rainfall 
event modelling and continuous simulation method used for estimating the maximum 
discharges of a given exceedance probability using rainfall-runoff models. The MESEF 
method considers varied moisture conditions in model catchment before the occurrence 
of rainfalls. To verify the efficiency of the proposed method, a comparison was carried 
out between the values of flood quantiles estimated by the MESEF method and the flood 
quantiles estimated by direct method. The proposed approach was tested in two catch-
ments in the Upper Vistula River basin. The results of the MESEF method in both catch-
ments were satisfactory; however, in order to verify its effectiveness, more research is 
needed within catchments of diverse features and landscape. Special attention should be 
paid to the proportion of moisture conditions that is a crucial factor in future use of the 
MESEF method in uncontrolled catchments.

Keywords: rainfall event, precipitation generating, rainfall-runoff modelling, 
probability distribution of annual maximum discharges, antecedent runoff conditions 
(ARC), flood quantiles

1. Introduction

Flood quantiles represent important hydrological features. Their estimation determines deci-
sions on the size of planned hydrotechnical facilities, levees, dams or bridges. It is common 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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practice to determine the quantiles based on many years of hydrological observations and sta-
tistical analysis of maximum discharges. At present, the problem of flood quantiles estimation 
is facing new challenges. According to recent forecasts, unfavourable changes in hydrographic 
conditions in Poland are expected to occur by 2030. The main factors behind them are said to 
be climate change [1] and the accelerated process of catchment sealing [2]. The United Nations 
Framework Convention [3] defines climate change as identifiable (for instance, by statistical 
tests) changes of the climate condition as well as changes in the significance of climatic elements 
that persist for a longer period (10 years or more). This relates to every change that occurs in cli-
mate, regardless of whether it is caused by nature or comes about as a result of human activity. 
It has been noted that rainfall characteristics change and rainfall becomes an increasingly ran-
dom event; it is often shorter and more intense than ever before. The number of days with daily 
precipitation ≥50 mm has increased, and precipitation takes the form of heavy and storm rains. 
This change is expected to become more present especially in southern Poland with heavy rain-
falls of over 20 mm/day. What has also been observed is longer dry periods. According to fore-
casts, heavy rainfall-induced flash floods are likely to occur more often and damage areas of 
poor land management. These variations are expected to intensify especially in years 2011–2030 
[1] and will likely be the cause of increased frequency and violence of floods in Poland. What is 
more, the number of floods is expected to be on the increase in the years to follow.

Flood hazard is present in the whole of Poland and is also related to anthropogenic factors. 
Cities currently experience a rapid process of changes in land use which, in effect, results in 
most of the land becoming sealed. This factor poses additional flood hazard yet has so far 
been disregarded as the main cause of flood by authorities deciding on flood protection mea-
sures [4]. In addition, catchment areas tend to be developed in ways that prevent them from 
anticipating the precise effects of the extent of that development in the future [5].

At the moment, there are a number of methods available in Poland to estimate flood quan-
tiles Qp. Their application is dependent on the availability of hydrometric data. In controlled 
catchments, it is customary to apply direct statistical methods (SM) based on long sequences 
of observation of values of annual maximum discharges (N ≥ 30) [6]. In uncontrolled catch-
ments, on the other hand, the choice is made from among indirect methods and it depends 
on catchment surface area and its location in Poland. For catchments located in the region of 
Upper Vistula River, it is customary to use the Punzet formulas [7]. In case of uncontrolled 
catchments located in: (1) the Upper and Middle Odra river region, it is common to apply 
the Wołoszyn formulas [8], (2) the Middle and Upper Vistula River region quantiles Qp are 
calculated with the use of area regression equation [9, 10]. Meanwhile, in controlled catch-
ments of surface area over 50 km2 located in the middle and northern Poland, quantiles Qp 

are calculated based on snowmelt equation [9]. A common equation to estimate quantiles 
Qp in catchments up to 50 km2 in Poland is rainfall formula [11]. Unfortunately, these meth-
ods are now outdated and often generate unreliable results burdened with significant errors. 
Considering the above as well as the ever-growing demand, it is crucial to search for new 
methods of estimating flood quantiles Qp. A recent example of such investigation in the Upper 
Vistula River region is a method based on regional flood frequency analysis [12]. The above-
mentioned demand also includes new methods of estimating flood quantiles that would use 
rainfall-runoff modelling.
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2. Rationale for the study

The authors present a new approach to estimating flood quantiles—the MESEF (Multi-Event 
Simulation of Extreme Flood) method. This approach makes it possible to consider climate 
changes, future changes in catchment urban planning as well as consider the changeable char-
acter of precipitation. The MESEF method is currently being developed in small and middle-
sized catchments located in the Upper Vistula River catchment.

The Upper Vistula River basin is located in South Poland and forms part of the Vistula drain-
age basin (Figure 1). Length-wise and catchment area–wise, the Vistula river is one of the 
largest river in Europe [13]. The Upper Vistula River at Zawichost gauge takes up a total of 
50,731.8 km2. The flood hazard in this region of Poland is the highest due to several factors: 
its topographic features (mountains, highlands and basins), geological conditions as well 
as the land use developments located in river and stream valleys. The most common cause 

Figure 1. The natural catchment of Czarny River and the semi-urbanised catchment of Żylica with the networks of 
precipitation stations.
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of flood in this part of Poland is heavy rainfall events. In consequence, because the MESEF 
method is dedicated to the southern part of the country, it was based on rainfall. Another 
factor in favour of this methodology is wider availability of data. Thanks to the dense net-
work of rainfall gauging stations in this region, it is easier to obtain reliable rainfall values 
information.

The MESEF method uses the possibilities of the rainfall-runoff modelling. This type of mod-
elling allows for simulation of catchment response to the impulse in form of rainfall (more 
specifically, rainfall distribution in time). That response, in case of the rainfall-runoff models, 
is the runoff information in form of runoff hydrograph, that is, temporal runoff distribution in 
section at the modelled catchment. The modelling allows for obtaining catchment’s response 
to a specific precipitation event, under specific antecedent moisture conditions in catchment 
(reflected in the values of specific parameters) and under specified parameters of transforma-
tion of rainfall into runoff.

The rainfall-runoff modelling allowed for developing a common practical approach the 
so-called design event. This approach is premised on assumption that a design discharge 
of a given exceedance probability is created as a result of modelling a rainfall of the same 
exceedance probability while usually assuming normal moisture conditions in catchment 
before the occurrence of design event. The rainfall duration is usually assumed to be equal 
to or greater than the catchment concentration time and the rules of rainfall total disaggre-
gation into smaller time steps are also specified. Undoubtedly, the simplicity of the method 
and straightforward results interpretation are one of the most significant advantages of this 
approach. What is more, not only does it allow for obtaining the value of the peak discharge 
but also the volume of the flood wave. This, in turn, is significant in some of the applications 
of the method, for instance, when designing reservoirs or planning activities in floodplain 
areas. The vulnerability of the design event method, on the other hand, lies in the simpli-
fied assumptions required when one hyetograph is to ensure obtaining a hydrograph of spe-
cific frequency of occurrence. In real-life scenario, a flood of peak discharge of, for example, 
exceedance probability p = 1% may be caused by an infinite number of combinations of catch-
ment conditions, including rainfall and moisture conditions before the occurrence of rainfall. 
In the design event method, however, in order to obtain the desired result, it is necessary to 
define only one combination of varied input conditions. So far, no comprehensive evaluation 
of how this task should be carried out based on the conditions present in Poland has been 
published. In practice, it is most common to assume modelling of a rainfall event of duration 
of 24 h, represented by a daily total value of specified exceedance probability divided into 
hourly time steps according to the DVWK scenario [14] and normal moisture conditions in 
catchment before the occurrence of rainfall.

A somewhat different approach to estimate project discharges using modelling is continuous 
simulation approach [15, 16]. This method requires the use of stochastic rainfall generator and 
a model whose structure allows for modelling not only rainfall events but also the periods 
in between them. Peak discharges taken from long sequence of results obtained from this 
type of modelling are later used to formulate the maximum discharges probability curve and 
define the values of the desired quantiles. There are also other approaches that function, to an 
extent, as hybrids of the two described above, that is, the Schadex method [17], an approach 
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presented by Francés et al. [18], or various examples of the Monte Carlo method applications. 
The proposed MESEF method also belongs to this group of methods.

3. Study areas and hydrow-meteorological data

The MESEF method was applied in two catchments situated in south-eastern Poland: (1) the 
natural catchment of Czarny River, with an area of 95.20 km2 up to the water gauge section 
Polana [19] and (2) the semi-urbanised Żylica, with an area of 52.56 km2 up to the water gauge 
section of Łodygowice [20]. Both of them are located in the Upper Vistula River basin (Figure 1).

Considering that the results of the MESEF method need to be verified against the results obtained 
using a direct (statistical) method, both research catchments are closed by a gauging cross-section.

The features of the Czarny catchment are considered natural as the land use changes did not 
affect the discharge values. This is why it was chosen as a representative. Forestland makes up 
over 80% of this catchment, the elevation differences reach 600 m, and the catchment planning 
did not change in a significant way throughout the period from which the data were sourced. 
Therefore, the selected catchment can be seen as a solid starting point for analysing the influ-
ence of catchment planning changes on changes in discharge maximum values.

The Żylica catchment, by contrast, is influenced by tourism which results in additional land 
development. The elevation differences reach 708 m. Regarding the land use, forestland still 
covers most of the mountain slopes; however, its overall area is gradually decreasing. The 
lower parts of the catchment are mostly covered by agricultural land and wastelands. The 
Żylica catchment was chosen as a semi-urbanised catchment because of the observable pro-
cess of its diminishing proportion of forestland in favour of housing developments.

The previous evaluations of the Czarny River used meteorological data from Polana pre-
cipitation station and hydrological data from Polana gauge station on the Czarny River. The 
data included sequences of annual maximum daily rainfall totals Po and annual maximum 
discharges Qo from a multiannual period (1977–2012). For calibration of the rainfall-runoff 
model, flood information from the following years was used: 1997, 2007, and 2008.

For the Żylica River, the data used included a sequence of annual maximum daily rainfall 
totals Po from the period of 1972 to 1996 from Żylica precipitation station and a sequence of 
annual maximum discharges Qo from the period of 1972 to 2011. The model was calibrated 
based on the data from years 2006, 2007 and 2008.

It was assumed that the observed annual maximum daily rainfall totals Po show the three-param-
eter Weibull distribution W(λ, κ, γ), where λ, κ > 0 and the density function is expressed by Eq. (1):
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The parameters of this distribution estimated using the maximum likelihood method are 
shown in Table 1.

Estimating Flood Quantiles on the Basis of Multi-Event Rainfall Simulation
http://dx.doi.org/10.5772/intechopen.68648

279



For the observed annual maximum discharges Qo, it was assumed that they have a log-normal 
distribution. The density function of the log-normal distribution LN(µ, σ), where µ, σ > 0, was 
expressed by Eq. (2):
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The parameters of this distribution were estimated using the maximum likelihood method 
(Table 2).

4. MESEF method

The MESEF method is proposed for estimating flood quantiles Qp in small and medium catch-
ments located in the Upper Vistula River region. It is based on the annual maximum daily 
rainfall totals Po. The fundamental assumption of the MESEF method is as follows: the rain-
fall-runoff modelling repeated for many rainfall events from annual maximum daily rain-
fall totals Po distribution allows for obtaining exceedance probability distribution of annual 
maximum discharges Qp matching the probability distribution of observed discharges Qo [19]. 
Each rainfall event that becomes an entry in the rainfall-runoff model in the MESEF method 
comes from a rainfall generator [21]. For each of the generated rainfall event, a rainfall-runoff 
modelling is carried out considering all kinds of moisture conditions ARC (Antecedent Runoff 
Conditions) in catchment [22]. The final probability distribution Qp is obtained for optimal 
proportion of the ARC moisture conditions from many hydrograph peak values obtained 
from rainfall-runoff modelling. The diagram of the MESEF method (Figure 2) presents the 
following stages: (1) rainfall generation, (2) rainfall-runoff modelling, (3) estimating optimal 
proportion of the ARC moisture conditions, (4) establishing maximum discharges exceedance 
probability distribution.

River/station n μ σ

Czarny/Polana 36 3.4149 0.71172

Żylica/Łodygowice 40 1.4294 28.481

Table 2. Log-normal distribution parameters for the observed annual maximum discharges Qo.

River/station n λ κ γ

Czarny/Polana 36 1.7107 36.137 22.827

Żylica/Łodygowice 25 1.4294 28.481 18.915

Table 1. Parameters of Weibull distribution 3p for the observed annual maximum daily rainfall totals Po.
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4.1. Rainfall generation

A generator is intended to generate maximum daily rainfall totals Poi and, subsequently, dis-
aggregate them into hourly values using beta distribution to the Poi parameters α, β. For rain-
fall generation, it was assumed that the probability distribution Po is known as well as the 
two-dimensional frequency distribution of parameters α, β for the beta distribution.

In order to disaggregate the Poi into hourly values, a density function of the beta distribution 
fB (x; α ,β) was applied, represented by Eq. (3):

   f  B    (  x; α, β )    =   
{

   
  1 _ 
B  (  α,  β )       x   α−1    (  1 − x )     β−1   dla x ∈ (0, 1 )

    
 0 dla x ∉   (  0, 1 )   ,

     (3)

where parameters α, β > 0, and B(α, β) is the Euler beta function [23]. The properties of this 
distribution, that is, random asymmetry (depending on the values of parameters α, β) and 
two-sided limitation, make its application useful in disaggregation of daily rainfall into val-
ues of smaller time steps [24]. Disaggregation of Poi into hourly values requires assuming that 
a day, that is, 24 h, constitutes the x-coordinate value and the area under the curve of density 
function fB(x; α, β) equals Poi.

Considering that the beta distribution parameters α, β have significant influence on the mode 
of disaggregation Po into hourly values (Figure 3), as verified by Wałęga et al. [25], it was nec-
essary to estimate possible numerical values of those parameters.

To this end, two-dimensional frequency of the beta distribution parameters α, β occurrence 
estimated by matching the beta distribution density function with the observed data of an 
hourly time step rainfall in Kraków from the period of 1961 to 1985 was used. The results 
showed that the values of parameters α and β are in the range of 0–60. Both α and β usually 
show values of ranges (0.1), (1.2), (2.5) and (20.30). The values of parameter β are significantly 
more frequent within the range of (10.20) and the values of parameter α within (20.30) and 
(30.60) (Table 3, Figure 4).

Figure 2. MESEF method action—scheme (source: own).
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Generator operation consists of several stages: (1) generating synthetic value Poi from the prob-
ability distribution of maximum daily rainfall totals Po, (2) generating pairs parameters α, β 
from their two-dimensional frequency distribution, (3) creating a hyetograph of an hourly 
time step by disaggregating synthetic value Poi, (4) n-fold repetition of steps 1–3. Applying 
the density function of the beta distribution fB (x;α,β) to the synthetic values Poi allowed for 
obtaining n rainfall hyetographs (Figure 5.)

4.2. Rainfall-runoff modelling

For runoff modelling in the MESEF method, the authors used the HEC-HMS (Hydrologic Modelling 
System) model, version 3.5 [26]. The Soil Conservation Service (now the Natural Resources 
Conservation Service) Curve Number loss method (SCS CN), based on the knowledge of total 
precipitation, soil type, land cover type and soil moisture at the beginning of the rainfall, was used 

α B

(0, 1) r.f.  
[%]

[1, 2) r.f.  
[%]

[2, 5) r.f.  
[%]

[5, 10) r.f.  
[%]

[10, 20) r.f.  
[%]

[20, 30) [30, 60) r.f.  
[%]

Total r.f.  
[%]

(0, 1) 6.6 2.6 2.2 0 0 0 0 11.3

[1, 2) 0.7 5.1 4.7 1.8 0 0.4 0 12.8

[2, 5) 1.1 2.6 6.2 4.4 2.2 0.7 0.7 17.9

[5, 10) 0.4 4.0 3.3 2.6 1.8 0.4 1.5 13.9

[10, 20) 0 0.7 2.6 2.2 3.3 2.6 1.1 12.4

[20, 30) 0 0 0.7 2.6 6.9 6.9 1.1 18.2

[30, 60) 0 0 0.4 1.1 9.9 2.2 0 13.5

Total 8.8 15 20.1 14.6 24.1 13.1 4.4 100

*The calculations were performed in 2013 by Stanisław Węglarczyk, Cracow University of Technology, Institute of Water 
Engineering and Water Management.
r.f.: relative frequency.

Table 3. Frequency of the beta distribution parameters (α, β) occurrence in the (0.60) × (0.60) domain*.

Figure 3. Exemplary hyetographs of annual maximum daily rainfall totals Po = 100 mm, broken down into 24 hourly 
values, for which the values of the beta parameters (α, β) are: (a) α = 0.377, β = 0.702; (b) α = 3.403, β = 3.689; (c) α = 9.102, 
β = 3.969 (source: own).
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to determine the value of effective rainfall. All of these factors are accounted in the CN parameter 
[27]. The Unit Hydrograph method (SCS UH) used to determine the value of the peak discharge, 
total runoff volume, hydrograph shape and time history was chosen for the rainfall-runoff trans-
formation. To determine the baseflow, the Recession Method was used. It allows the approxima-
tion of typical streamflow behaviour also after the rainfall event. This situation—descending part 
of the hydrograph—is depicted in the form of the exponential recession curve [26].

The choice of these simple methods was driven by their widespread use, small number of 
parameters, as well as their applicability in ungauged catchments due to the possibility of 
parameter estimation on the basis of the catchment characteristics. Moreover, the loss and 
transformation models allow to diversify the parameter values of the HEC-HMS model 
according to the antecedent conditions of runoff in catchment which have influence on the 
values of peak discharges. This is significant for the MESEF method proposed in this chapter.

The calibration procedure was conducted using HEC-HMS software. Five parameters from the 
model underwent calibration: the initial abstraction, CN parameter, TLag parameter, baseflow 
threshold coefficient and recession constant. Different ARCs, which had impact on the value of 

Figure 4. 2D histogram of (α, β) values in the (0.60) × (0.60) domain.

Figure 5. Examples of generated hyetographs Poi, disaggregated into hourly values in the Czarny catchment (on the left) 
and Żylica catchment (on the right) (source: own).
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the CN parameter and the value of the dependent TLag parameter, were allowed in the calibra-
tion procedure.

A model of specified parameters can be used for rainfall-runoff modelling using generated 
rainfall hyetographs. Rainfall-runoff modelling is conducted for a set of n rainfall events, each 
event for three kinds of antecedent runoff conditions (ARC) in the catchment, that is, soil 
moisture levels at the beginning of the rainfall: dry (ARC I), normal (ARC II), and wet (ARC 
III). Thus, n × 3 hydrographs are obtained and from those hydrographs subsequent n × 3 peak 
discharge values (Figure 6).

4.3. Exceedance probability distribution of maximum discharges Qs

It was assumed that probability distribution of observed annual maximum discharges Qo is 
realistic distribution, and the simulated data Qs were aimed at showing maximum equality 
with this distribution. In order to do this, it became essential to search for optimal proportion 
of moisture conditions ARC that would make it possible.

4.3.1. Searching for optimal proportion of ARC

From each of the n-element data set of discharges obtained for each of the three conditions ARC, 
a specific number of values was selected randomly, creating, in effect, n-element sequences 
of random discharge values mixed together. The random selection was performed for 38 pos-
sible combinations, thus creating 38 n-element sequences of discharge values. For example, 
combination 1-2-0 consisting of 100 elements means that from the data set of discharge values 
for ARC I, there were 33 values selected randomly which constitute one-third of elements in 
the whole sequence, and from the dataset for ARC II, there were 67 values that constitute the 
remaining two-third elements of the whole sequence. In this case, there was no random selec-
tion performed from the data set for ARC III.

The next stage is to verify the correlation of all created data sets with theoretical probability 
distribution for observed data Qo. In order to assess the match of both distributions, three 
equality tests are necessary to be performed: Kolmogorov-Smirnov (K-S), Anderson-Darling 

Figure 6. Synthetic peak discharge values for three types of ARC.
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(A-D), and χ2 Pearson’s (χ2 P) test. The best match to the theoretical probability distribution of 
discharges Qo has the lowest statistical values.

Based on the test of statistic values, it can be concluded that the synthetic discharge values in 
proportions 2-3-0 (in the Czarny River) and 3-2-0 (in the Żylica River) of the ARC conditions 
in catchment demonstrate the best compatibility with the observed data (Figures 7 and 8). In 
these optimal combinations, the synthetic discharge values come from dry (from 33 to 40%) 
and normal (from 60 to 67%) in the Czarny River and from dry (60%) and normal (40%)—in 

Figure 7. Exceedance probability curves of discharges Qs (circles) and Qo (solid lines) in the Czarny catchment (on the 
left) and in the Żylica catchment (on the right) for different proportion of conditions ARC. Combinations for which both 
catchments revealed best distributional equality are marked in frame (source: own).
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the Żylica River—antecedent moisture conditions in catchment. Wet antecedent runoff condi-
tions (ARC III) do not affect the synthetic discharge values in both cases.

4.4. Exceedance probability distribution of maximum discharges Qs for optimal  
conditions ARC

For a data set of discharges at optimal proportion of moisture conditions ARC, a Qs exceedance 
probability curve is created. In order to consider high-frequency quantiles reliable, it is necessary 
to create the curve using data from several thousands of simulations, more specifically an empir-
ical probability curve. In consequence, a comparison was made between the values of simulated 
quantiles Qs and the observed quantiles Qo for the specified values of probability p (Figure 9).

Figure 8. Exceedance probability curves of discharges Qs (circles) and Qo (solid lines) in the Czarny catchment (on the 
left) and in the Żylica catchment (on the right) for different proportion of conditions ARC. Combinations for which both 
catchments revealed best distributional equality are marked in frame (source: own) - continuation.

Figure 9. Exceedance probability of maximum discharges Qs curves from the MESEF method (dotted line), empirical 
(circles) in the Czarny catchment (on the left) and the Żylica catchment (on the right). The solid line marks the probability 
curves for the remaining observed Qo.

Flood Risk Management286



the Żylica River—antecedent moisture conditions in catchment. Wet antecedent runoff condi-
tions (ARC III) do not affect the synthetic discharge values in both cases.

4.4. Exceedance probability distribution of maximum discharges Qs for optimal  
conditions ARC

For a data set of discharges at optimal proportion of moisture conditions ARC, a Qs exceedance 
probability curve is created. In order to consider high-frequency quantiles reliable, it is necessary 
to create the curve using data from several thousands of simulations, more specifically an empir-
ical probability curve. In consequence, a comparison was made between the values of simulated 
quantiles Qs and the observed quantiles Qo for the specified values of probability p (Figure 9).

Figure 8. Exceedance probability curves of discharges Qs (circles) and Qo (solid lines) in the Czarny catchment (on the 
left) and in the Żylica catchment (on the right) for different proportion of conditions ARC. Combinations for which both 
catchments revealed best distributional equality are marked in frame (source: own) - continuation.

Figure 9. Exceedance probability of maximum discharges Qs curves from the MESEF method (dotted line), empirical 
(circles) in the Czarny catchment (on the left) and the Żylica catchment (on the right). The solid line marks the probability 
curves for the remaining observed Qo.

Flood Risk Management286

5. Comparing flood quantiles

In order to verify the usefulness (effectiveness) of the MESEF method, the obtained quantiles 
Qp (for optimal conditions ARC) need to be compared with the quantiles Qp obtained using a 
statistical direct method (SM).

For the Czarny catchment, a comparison was carried out for an optimal combination 2-3-0 
(Table 4), and for Żylica catchment, a comparison was carried out for an optimal combination 
3-2-0 (Table 5).

As it can be observed, in the Czarny catchment, the flood quantiles estimated using the 
MESEF method reveal slightly higher values (Table 4) than those estimated using the statisti-
cal method (for p ≥ 0.5%). Only for p = 0.1%, the flood quantile estimated using the MESEF 
method is slightly lower than the quantile estimated using the statistical method SM. It can be 
observed here that for the 2-3-0 proportion, the relative error reveals values from 0.8 to 24.6%.

In the Żylica catchment, it was observed that the quantiles estimated using the MESEF method 
reveal slightly higher values of the quantiles estimated using the SM method (for p ≤ 20%), 
and only for p = 30 and 50%, they are slightly lower (Table 5). What is more, relative error (for 
the specified values p) is within the range of 0.9–33.6%.

To sum up, in both catchments, the natural (Czarny) and the semi-urbanised (Żylica), the 
flood quantiles estimated using the MESEF method are comparable with the flood quantiles 
estimated using the SM method (for 0.5% ≤ p ≤ 20%) obtained from observed data. Based on 
the above, it can be concluded that the flood quantiles estimated using the MESEF method 
are, in both analysed cases, similar to the observed quantiles. For example, the flood quantile 
of a p = 1% exceedance probability was obtained with the relative error of 15.7% (Czarny) 
and 10.3% (Żylica) using the MESEF method. The comparison showed the usefulness of the 

p [%] Qp (SM) [m3/s] Qp(2-3-0) (MESEF) [m3/s] Difference ∆1 (2-3-0) [m3/s]a Relative error δ1 [%]b

0.1 242.0 236.0 6.0 2.5

0.5 190.2 191.8 −1.5 0.8

1 147.2 170.4 −23.2 15.7

2 123.2 148.8 −25.7 20.9

5 94.1 117.0 −22.9 24.3

10 74.0 92.2 −18.2 24.6

20 55.2 67.9 −12.7 23.0

30 44.5 52.7 −8.2 18.4

50 31.1 33.3 −2.2 7.1

a∆1 = Qp(SM) – Qp(2-3-0)(MESEF).
bδ1 = ∆1/Qp(SM) × 100.

Table 4. Comparison of flood quantiles estimated using the SM method and the MESEF method for a combination 2-3-0 
(Czarny catchment).
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MESEF method; therefore, it could prove to be a good alternative for estimating the maximum 
discharges of a given exceedance probability using rainfall-runoff models.

6. Strengths and weaknesses of the MESEF method

Good results obtained using the MESEF method in two different catchments encourage to 
continue further research. The method, however, next to its strengths, has also some weak-
nesses that could be further verified.

This section summarises the strengths and weaknesses of the MESEF method. Undoubtedly, 
the greatest strength of the MESEF method is that it is based on the values of precipitation 
whose network of measuring stations is far more dense than the network of water gauges. 
This allows for a wide range of applications. The MESEF method based on rainfall also has the 
potential to take into account changes in climate. It requires, of course, earlier identification 
of quantitative and qualitative influence of the changes on the rainfall distribution; especially, 
when it comes to the future values of annual maximum daily rainfall totals. On the other hand, 
the qualitative influence refers to the future temporal distribution of daily rainfall changed due 
to climate change. The application of rainfall-runoff modelling in the MESEF method opens 
up possibilities for the method to implement changes in developments in the catchment area.

A particular strength of the method is the possibility of performing simulation of the influence 
of existing flood protection facilities in catchment (e.g., a reservoir) or non-technical flood 
protection measures connected with volume reduction (afforestation) on flood quantiles.

The weaknesses of the MESEF method, according to the authors, are the uncertainty associ-
ated with the nature of point measurements of precipitation in conjunction with the aerial 

p [%] Qp(SM) [m3/s] Qp(3-2-0) (MESEF) [m3/s] Difference ∆ 2 (3-2-0) [m3/s]a Relative error δ2 [%]b

0.1 109.7 120.2 −10.5 9.6

0.2 94.5 110.4 −15.9 16.8

0.5 76.5 92.9 −16.4 1.7

1 64.2 84.4 −20.2 10.3

2 53.0 69.7 −16.7 8.6

3 47.0 62.7 −15.7 18.2

5 39.8 53.2 −13.4 33.6

10 30.9 37.7 −6.8 22.0

20 22.7 25.3 −2.6 11.7

30 18.2 18.0 0.2 0.9

50 12.6 10.3 2.3 17.8

a∆1 = Qp(SM) – Qp(2-3-0)(MESEF).
bδ1 = ∆1/Qp(SM) × 100.

Table 5. Comparison of flood quantiles estimated using the SM method and the MESEF method for a combination 3-2-0 
(Żylica catchment).
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character of real phenomenon that requires consideration in further studies and a small num-
ber of tests with the MESEF method in different catchments. It would be interesting to see 
whether the same proportion of ARC would be confirmed in other catchments. Confirming 
the same proportion of ARC in more catchments (e.g. by region) could provide a possibility of 
using the MESEF method for estimating flood quantiles in uncontrolled catchments.

7. Summary

The application of the MESEF method to estimate flood quantiles gave good results. The obtained 
values Qp were similar to the observed values. A comparison showed usefulness of the MESEF 
method. Based on the results obtained so far, it could be concluded that the proposed MESEF 
method is an effective approach and could provide a good alternative to the currently used 
method of estimating flood quantiles Qp in small catchments in the Upper Vistula River basin. 
This could be of significant importance in those applications where evaluations are performed of 
activities carried out in catchments related to changes in volume or the shape of flood wave as a 
result of, for instance, location of reservoir or the afforestation of a part of catchment. In order to 
ultimately confirm the effectiveness of the method, it would be necessary to apply it in different 
controlled catchments which are planned in the future work. The proposed method involves 
several weaknesses that would need to be resolved in the course of future research.
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Abstract

Having in place adequate levels of emergency management capabilities (EMCs) under‐
pins a managed civil emergency response, especially during a flooding event(s). Good 
EMC is either built on having the right internal capabilities or by exploiting existing 
emergency capabilities from other responders. In some countries, such as Saudi Arabia, 
there is a noted lack of decision‐making in the Civil Defence (CD) Authority about gen‐
erating effective mutual‐aid requests. Three core areas of EMC include having the right 
types and levels of response equipment to hand, ensuring sufficient Human Resources, 
can be maintained throughout a sustained event, and developing adequate Training 
capabilities. Other factors impacting on Saudi Arabia include both stress and a lack of 
work experience. In this chapter, we examine the effectiveness of a prototype IT System 
in the case of Saudi CD Authority as a tool for addressing the availability and adequacy 
of mutual‐aid for EMC, Human Resources (HR), and training capabilities against scal‐
able levels of flood risk event(s). The proposed IT System is built using the ‘fuzzy expert 
system’ approach.

Keywords: decision support systems, expert system, emergency management 
technology, information technology systems, capability preparedness, capability 
mutual‐aid

1. Introduction

In the context of ‘decision‐making’ in ‘Flood Risk Management’, a lack of decisions related 
to the required level of preparedness across known EMC within disaster and emergency 
management organisations could critically increase the likelihood and/or impact of a flood 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



response failure, thus increasing the rate of losses to properties and lives. From a decision‐
makers’ point of view, there are several factors involved; however, factors such as (a) pres‐
sure to respond quickly when a flooding alert is given, (b) the lack of experience attributed 
to decision‐making, and (c) a lack of information from other parties [1] could directly affect 
the timing and quality of decisions [2]. Many studies have agreed that there is a high level 
of vagueness and uncertainty involved in the decision‐making process especially in assess‐
ment and determination of needs against current and future flood risk events. In this context, 
Information Technology (IT) Systems, such as Fuzzy Expert Systems (FES), have created a 
potential contribution in decision‐making for the field of ‘Flood Risk Management’.

There are several studies which address the issue of vagueness and uncertainty involved 
in the decision‐making process. For example, Virtual Immersive Reality Training System 
(VIRTS) is an IT system that trains and assesses emergency responders through visualizing 
‘3D scenarios’ [3]. VIRTS enables an end‐user to design and modify various risk scenarios, 
however it does not provide risk scenarios related to natural disasters such as flood and earth‐
quake scenarios. Another study proposed an IT system for detecting and evaluating problems 
in the equipment capability during operational use [4]. A proposed IT system for mass evacu‐
ation [6], which aims to aid decision‐makers in understanding complexity within the pre‐alert 
situation and evaluates the adequacy of evacuation plans for areas, however the system has 
not been tested and validated.

There remains no ‘IT system able to evaluate precisely the current preparedness of EMC 
against scalable levels of flood risk events, and address needed EMC to measure adequate 
levels of preparedness, as well as adequate ‘mutual‐aid’ requirements. In the case of flooding, 
areas at risk can be divided into zones (or a ser ies of geographical areas). A EMC zonal assess‐
ment can then be undertaken both before and during a flood event, and the assessment can 
help determined if any active zones need urgent support from other zones (even the wider 
regional resources) to better manage serve flooding events. Figure 1 represents a scenario 
requiring mutual‐aid provision.

Figure 1 shows four zones (A, B, C and D), each zone has certain amounts and types of train‐
ing capabilities (for example skill A), and each zone may be subject to variable levels of flood 
risk. One of the major issues facing most of the dtecision‐makers before a flood event is the 
ability to assess in context and between zones individual capabilities. Decision‐makers often 
have no rationale model for determining the (re)distribution of limited resources, training, 
and mutual‐aid requirements between zones.

In this chapter, a new prototype and purpose built IT system is presented and examined to 
determine whether flood response can be optimised using a virtual assessment of ‘Capabilities 
Preparedness’ in the context of Saudi Arabian ‘Flood Risk Management’ scenarios. The IT 
system performs intelligently by digitalising the process of decision‐making in the problem 
domain. The proposed IT system is called ‘The Intelligent Capability Preparedness (ICP) 
System’. The ICP system focuses on three types of EMC categories: (a) Training; (b) Human 
Resources (HR), and (c) Equipment. The Effectiveness of using the ICP system has been exam‐
ined in the case study of Saudi CD Authority, Saudi Arabia. This case study is selected due to 

Flood Risk Management294



response failure, thus increasing the rate of losses to properties and lives. From a decision‐
makers’ point of view, there are several factors involved; however, factors such as (a) pres‐
sure to respond quickly when a flooding alert is given, (b) the lack of experience attributed 
to decision‐making, and (c) a lack of information from other parties [1] could directly affect 
the timing and quality of decisions [2]. Many studies have agreed that there is a high level 
of vagueness and uncertainty involved in the decision‐making process especially in assess‐
ment and determination of needs against current and future flood risk events. In this context, 
Information Technology (IT) Systems, such as Fuzzy Expert Systems (FES), have created a 
potential contribution in decision‐making for the field of ‘Flood Risk Management’.

There are several studies which address the issue of vagueness and uncertainty involved 
in the decision‐making process. For example, Virtual Immersive Reality Training System 
(VIRTS) is an IT system that trains and assesses emergency responders through visualizing 
‘3D scenarios’ [3]. VIRTS enables an end‐user to design and modify various risk scenarios, 
however it does not provide risk scenarios related to natural disasters such as flood and earth‐
quake scenarios. Another study proposed an IT system for detecting and evaluating problems 
in the equipment capability during operational use [4]. A proposed IT system for mass evacu‐
ation [6], which aims to aid decision‐makers in understanding complexity within the pre‐alert 
situation and evaluates the adequacy of evacuation plans for areas, however the system has 
not been tested and validated.

There remains no ‘IT system able to evaluate precisely the current preparedness of EMC 
against scalable levels of flood risk events, and address needed EMC to measure adequate 
levels of preparedness, as well as adequate ‘mutual‐aid’ requirements. In the case of flooding, 
areas at risk can be divided into zones (or a ser ies of geographical areas). A EMC zonal assess‐
ment can then be undertaken both before and during a flood event, and the assessment can 
help determined if any active zones need urgent support from other zones (even the wider 
regional resources) to better manage serve flooding events. Figure 1 represents a scenario 
requiring mutual‐aid provision.

Figure 1 shows four zones (A, B, C and D), each zone has certain amounts and types of train‐
ing capabilities (for example skill A), and each zone may be subject to variable levels of flood 
risk. One of the major issues facing most of the dtecision‐makers before a flood event is the 
ability to assess in context and between zones individual capabilities. Decision‐makers often 
have no rationale model for determining the (re)distribution of limited resources, training, 
and mutual‐aid requirements between zones.

In this chapter, a new prototype and purpose built IT system is presented and examined to 
determine whether flood response can be optimised using a virtual assessment of ‘Capabilities 
Preparedness’ in the context of Saudi Arabian ‘Flood Risk Management’ scenarios. The IT 
system performs intelligently by digitalising the process of decision‐making in the problem 
domain. The proposed IT system is called ‘The Intelligent Capability Preparedness (ICP) 
System’. The ICP system focuses on three types of EMC categories: (a) Training; (b) Human 
Resources (HR), and (c) Equipment. The Effectiveness of using the ICP system has been exam‐
ined in the case study of Saudi CD Authority, Saudi Arabia. This case study is selected due to 

Flood Risk Management294

the major problem of flood risk facing the Saudi CD Authority in the city of Jeddah. The chap‐
ter is structured as follows. First, a theoretical background on ‘what is fuzzy expert systems 
(FESs) will be presented to understand the principles behind the IT System. Second, an over‐
view of comparable applications like FES is highlighted. Third, the typical methodology of 
building a FES is highlighted. Fourth, the design of the ICP system is outlined and explained. 
This is followed by the results of evaluating the effectiveness of the ICP system after consulta‐
tion and input from the Saudi CD Authority.

2. Saudi Arabian and flash‐flooding: background

Saudi Arabia with a population of around ‘30,770,375′ million and an area of approximately 
‘2,149,690 sq. km’ is the biggest country in the Middle East [5]. Over the last decade, Saudi 
Arabia has been marked as one of the foremost countries in the Middle East's facing various 
kinds of serious disasters, particularly flash‐flooding. Flash‐flooding is a type of flood which 
occurs suddenly, as a result of intense rainfall within a short period of time [6].

Generally, flood hazard is considered as the most frequently occurring type of disaster in 
Saudi Arabia, and over the years, it has been increasing in impact [7], this is mainly because 
of the nature of the countries’ topographical and geographical characteristics as well as the 
changing global weather [6]. Table 1 shows a timeline of some of the major flash flooding 
disasters that have taken place in the country.

Figure 1. Mutual‐aid and flood risk (Source: Authors).
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3. Study context and hypothesis

The primary investigation conducted with the Saudi CD Authority in 2013 demonstrated vari‐
able flash‐flooding capabilities for each of the country’s regions. The investigation proposed 
human resources, training, and equipment capabilities could better incorporate local haz‐
ards and vulnerabilities based on a decision‐makers experience and perception. Up until this 
point, it was noted how flash‐flooding events had no joined up analysis process or a clear 
evaluative framework [8].

Furthermore, there were noted concerns by decision‐makers about how effective flash‐flood 
response capabilities remained in the face of unequitable access and distribution of flood 
resources throughout the flooding episode(s). The issues were especially acute about human 
resources, equipment and appropriate levels of training by first responders. In some cases, 
the resources were overly committed, or not appropriately allocated across the impacted 
flooding areas.

Saudi CD Authority is determined to improving the effectiveness of its flood risk manage‐
ment [9]. However, one of the factors hindering it from achieving this objective is the lack of 
analysis, readiness, and optimized capabilities spanning all flood zones [10]. Therefore, this 
study aims to develop a new ICP system aimed at better supporting the Saudi CD Authority 
and its affiliated government sectors manage flash‐flooding events.

The proposed ICP system is meant to be used as a reference and a standard for evaluating the 
level of three types of flood management capabilities (i.e. training, HR and equipment) and to 
help prepare them to an adequate level. The ICER system can be used as an assistance and assur‐
ance tool of the Saudi CD Authority to better assess and prepare its own EMC. It is expected 
that this will give the Saudi CD Authority confidence and involve other  stakeholders against 
various levels of flood risk (high, medium, low categories of flooding in each  geographical/

City Year Killed people Affected people

Several parts of the country 1964 20 1000

Northwestern 1985 At least 32 5000

Jizan 2004 5 430

Mecca 2005 29 17

Jeddah 2009 163 More than 10,000

Jeddah 2010 More than 122 *Data unavailable

Jeddah 2011 More than 10 144

Tabuk 2013 *Data unavailable *Data unavailable

Mecca 2014 *Unveiled data *Data unavailable

Jeddah 2015 *Data unavailable *Data unavailable

Aseer 2017 *Data unavailable *Data unavailable

Table 1. Flood‐event occurrences in Saudi Arabia [7].
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zonal area). This approach should offer mitigation and preparedness actions against current 
and future flash‐flood risk events. The ICER system will assist the Saudi CD Authority to com‐
puterise and share the processes involved in the developed framework. It is envisaged that 
clear objectives can be established in the framework to unify local hazard and vulnerability 
data, with optimal resource allocation/capabilities and flood risk forecasting.

4. What is fuzzy expert systems (FESs)?

Fuzzy expert systems (FESs) are a term used to refer to any IT system that works using the 
principles of ‘Fuzzy logic’ and ‘Expert systems’. Expert systems are an important subset of the 
Artificial Intelligence (AI) field. They were first introduced by the AI community in the 1960s 
[11]. Over the years, several definitions of expert systems have been proposed. Some of the 
most popular definitions include:

a. ‘An intelligent computer program that uses knowledge and inference procedures to solve problems 
that were difficult enough to require significant human expertise for their solutions’ [12].

b. ‘A computer program designed to model the problem‐solving ability of a human expert.’ [13].

c. ‘A system that uses human knowledge captured in a computer to solve problems that ordinarily 
requires human expertise.’ [11].

On the other hand, Fuzzy Logic is a component of fuzzy expert systems. It is a mathematical 
approach primarily developed in the 1960’s by Lotfi Zadeh to analyse problems that involve a 
degree of truth or partial truth [14]. The concept of fuzzy logic is based on the assumption that 
the truth of anything can be expressed as a matter of degrees. For example, beauty, health, or 
distance – in other words they can be assigned to a sliding scale.

Over the years, several definitions of Fuzzy Logic have been proposed. Among them include:

a. ‘…as a set of mathematical principles for knowledge representation based on degrees of membership 
rather than on crisp membership of classical binary logic’ [15].

b. ‘Mathematical technique for dealing with imprecise or incomplete information in a specified sce-
nario’ [16].

The underlying principle of the fuzzy logic approach is based on the fuzzy sets. A fuzzy set 
can be explained by using the definition of a classical set. A classical set is that which con‐
tains every element within a domain or excludes every element within the domain. Simply 
put, an element X of a universal set U (domain) can either be in two sets, a set A or a set not 
A. For instance, consider a set of ‘old people’ as an example. The health organisations in UK 
define ‘old people’ as those people that have reached the age of ‘65′. Therefore, this can be 
 represented by the classical set as shown in Figure 2.

Accordingly, any person that is of ‘65 years’ of age can be regarded as ‘old’; and any person 
less than that (64 and less) is ‘not old’. In a classical set, an element of any of the sets can 
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be categorised as ‘yes’ or ‘no’ depending on the boundary of demarcation (which is crisp). 
However, such boundaries are not clearly defined in reality across all societies. In some soci‐
eties a person of ‘55, 65 or 75′ can be considered to be old [17–18]. Fuzzy sets make it possible 
to describe the range of all the possible ages that are considered to make up the ‘old peoples’ 
category.

To clearly explain the functioning of the FES, it is best to first understand the architecture of 
the expert systems, including it various components. The two main components of the FES 
(as explained previously) are the ‘Expert System’ and the ‘Fuzzy Logic’. Each of the two com‐
ponents also has their own constituent’s components. For the typical ‘FES, it is made up of six 
main constituents, these are:

iv. Rule‐base

v. Inference

vi. Fuzzification

vii. Defuzzification

viii. User‐interface

ix. Users

Figure 3 shows the individual constituents and their relationships. As both components 
(Expert System and Fuzzy Logic) involve the Rule based and inference, these are only rep‐
resented once in the fuzzy expert system architecture. The next subsections will give a brief 
description of the individual components.

4.1. Rule‐base

The FES Rule‐Base component is that part which holds the pool of rules and facts relating to that 
specific domain. These are generally presented as a set of fuzzy ‘IF‐THEN’ rules. The informa‐
tion used in developing these rules is derived from experts in that domain of the problem, for 

Figure 2. An example of the classical set boundary and fuzzy set boundary for the case of old people.
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example, for the development of an FES relating to ‘public awareness campaign’. The contents 
of such associated rules should typically include issues such as the community location, com‐
munity size, or campaign schedule. Again, as such rules are continuously evolving and under‐
going change, this means that the system should also make a provision to enable these rules to 
be updated and modified as required. Furthermore, when such input variables, output variables 
and membership functions have been established, the rule‐base needs to be designed in such a 
way that it will convert the input variables to output variables as represented below [19]:

‘IF <Conditions> THEN <Conclusions>’

These rules can be defined subject to the number (and the possible values) of qualitative 
inputs and outputs. Furthermore, having more rules will also mean a greater degree of reli‐
ability from the inferences (even for the same number of variables). Again, it should be noted 
that, even though rules in general are derived from the expert(s), the whole knowledge does 
not have to be translated into rules, as in some cases some rules might be irrelevant. One pos‐
sible approach for designing the rule‐base and combinations of inputs is by using the decision 
matrix. This way the rule‐base is interpreted based on the degree of the output’s membership 
by using fuzzy reasoning [11].

Figure 3. FES complements [12].
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4.2. Fuzzification

The fuzzification is the part of the system involved in extracting inputs from the no‐fuzzy 
inputs/outputs, with the use of membership functions. In other words, it is the part used to 
convert numerical values of every quantitative variable to a qualitative variable with member‐
ship functions. Generally, fuzzification is not a strict set of rules or procedure; contrarily, it 
is an approach that works partly on the basis of insight, experience and analyses of the rules, 
whereupon it infers a conclusion from the combinations of these inputs. However, for effec‐
tive operation of the fuzzification, it needs to be calibrated, tested and validated using realistic 
and accurate inputs and outputs [19].

4.3. Inference

Within the FES, the part that serves as the engine and performs the core problem‐solving is 
the inference. The inference uses both the rule‐base as well as the fuzzy set in carrying out the 
problem‐solving. The inference is the engine and core of problem‐solving in FES, when map‐
ping out the inputs into outputs. Generally, the two most popular methods used for fuzzy 
inference include the ‘Mamdami technique and the Sugeno technique [21].

In reality, most IT developers commonly used the ‘Mamdami’ technique compared to the 
‘Sugeno’ technique, and this is mainly because of the fact that the ‘Mamdami’ technique is 
closer to human inputs [20]. However the ‘Sugeno’ technique is appropriate to mathemati‐
cally analysis [21].

4.4. Defuzzification

The Defuzzification is a similar component to the ‘Fuzzification’. This component also 
involves the conversion of fuzzy inputs to output based on membership functions. These can 
be achieved by means of various techniques and graphical examples to obtain the final value 
of the output. The defuzzification method offers a degree of flexibility with which experts can 
combine their knowledge (with a higher degree of sensibility) on how the results conform to 
reality. However, the choice of using the defuzzification method will depend on the context 
of the decision problem [19].

4.5. User‐interface

The user inference is the main component for interaction between the end‐user and the sys‐
tem. Furthermore, apart from being the main communication link between the system and the 
user, the success of the whole system (like any other IT system) will depend on the design of 
the user interface. The simpler and more engaging the user interface, the greater the chances 
that it will be used by the users [22].

From a user’s perspective, the quality of the interface is determined by what the user senses 
or sees, what the user needs to know to understand the system, and the actions the user needs 
to take to obtain required results from the system.
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The process of providing an interface of the suitable quality is a complex task that requires 
both technological and psychological factors as well as other associated physical and influ‐
encing factors. Some of the important factors that determine the quality of a user interface 
include [22]:

• The screen design and layout

• The human‐machine interaction sequence

• Use of colours

• Information density

• Use icons and symbols

• Information display format

4.6. User‐interface

Generally, in the development of an expert system, three main classes of user are considered 
who directly and indirectly interact with the system. These are the End‐Users, Experts and 
Knowledge Engineers [22]. End‐Users are the individuals (non‐experts) that make use of the 
system after it is fully developed. They are the main beneficiary of the system, and whose 
decision‐making processes are aided by using the system. Knowledge Engineers are the pro‐
fessionals that are technically involved in building the advanced underlying logic, and with 
which the expert system uses to mimic the human decision‐making process and high‐level 
cognitive tasks. The knowledge engineers provide the system with all or part of the ‘knowl‐
edge’ that enables its operation. Experts are the individuals that provide the knowledge with 
which the system use to solve problems within the specific domain. However, other means of 
obtaining this knowledge are also available in developing the fuzzy expert system [11].

5. Fuzzy expert systems (FES) in other application

Many researchers have worked to identify the most suitable areas or applications for FES 
implementation. There are several wide‐ranging applications. The following are some appli‐
cations of FES in other areas:

a.  Estimating

In this application, FES will ask the user to provide it with the required data to any domain 
and compare it against the expert knowledge and historical data, for example, ecologi‐
cal characteristics of marine fishes. The FES needs such data to estimate their intrinsic 
vulnerability to fishing. The rules of such a FES are extracted heuristic rules (expressed in 
‘IF‐THEN’ clauses). The rules are describing the relationships between biological charac‐
teristics and vulnerability. Input and output variables are defined by fuzzy sets which deal 
explicitly with the uncertainty associated with qualitative knowledge. Conclusions from 
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different lines of evidence are combined through fuzzy inference and defuzzification pro‐
cesses. This type of FES can be used as a decision support tool in management and marine 
conservation planning [23].

b. Risk assessment

The FES in this area will ask the user to provide it with the required data to any targeted stan‐
dard, for example, ISO/IEC Information Security Management System (ISMS) standard, and 
measure the value of risk based on the risk assessment method and establish a set of FESs. In 
the meantime, the FES may then provide a recommended acceptable value ‘at’ or ‘of’ risk for 
facilitating and assisting decision‐makers through practical aspects [24].

c. Site planning

The FES in this situation would be able to determine the location of equipment for carry‐
ing out a certain job, and also location of materials and support facilities at a given site. For 
example, such a FES could forecast the wind speed at a wind energy conversion system site 
and the electrical power that will be generated. The FES asks the user to define the forecast 
horizon, which can range from some minutes up to several hours ahead. The system can make 
reliable wind speed forecasts in real time [25].

d. Project scheduling

Some of the tasks that would be expected from a FES in this area will include providing the 
user with information on time or duration of activities. For example, management problems 
related to the estimated duration of an activity can be solved by using the FES. To imple‐
ment the FES, various membership functions need to be estimated using good judgement and 
assisted by experts. One of the downsides of such a system is that it is not sensitive to small 
variations in the membership values and it can be easily implemented in existing computer 
programs for project scheduling. This is a very desirable property. However, the method is 
sensitive to the choice of the fuzzy relations [26].

e. Human resource management

This area is considered as a very important area of consideration when using FES. This type 
of system aids the user, especially modern and global managers, to meet pressing business 
challenges. For example, managers are required to possess a set of competencies or multiple 
intelligences in order to meet pressing business challenges. Hence, expanding global compe‐
tencies is becoming an important issue. Many scholars and specialists have proposed various 
competency models containing a list of required competencies. But it is hard for someone 
to master a broad set of competencies at the same time. Here arises an imperative issue on 
how to enrich global competencies by way of segmenting a set of competencies into some 
portions in order to facilitate competency development with a stepwise mode. To solve this 
issue involving the vagueness of human judgements, good types of FES can be an effective 
solution [27].

f. Operational problems in constructed facilities

Operational problems can accrue in constructed facilities. FES can solve facilities related 
problems by giving causes and remedial actions for functional failures such as leaking, poor 
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ventilation, and temperature control. Also it can provide causes and remedial actions for 
structural failures such as foundation settlement and cracking [28].

g. Training and development

FES can be an excellent tool for inexperienced project staff to improve their project manage‐
ment skills and techniques. It can also form an important part of the training function and can 
be used as an aid to training programs. The advantage of this would be that the trainee can 
have access to the expert’s knowledge virtually at any time as expert systems can be mounted 
on desk top PCs. This will give the opportunity ‘to’ or ‘for’ trainees to improve on their skills 
by going through the training expert system within the work environment. Some other areas 
include constructability evaluation, material management and legal issues [29].

6. How to build a fuzzy expert system (FES)?

In order to build or develop a FES, five key steps need to occur, and Figure 4 shows each step 
[22, 19].

Step 1. Specification of the problem and defining the linguistic variables

This is a key step required for determining the input and output variables as well as their ranges. 
This will involve a critical assessment of the problem as will be described by a ‘knowledge engineer’.

Step 2. Determining the fuzzy sets

Fuzzy sets can be represented in various shapes, but most commonly, a triangular or trap‐
ezoid shape is enough to represent the expert knowledge, thereby considerably simplifying 
the computation process.

Step 3. Elicit and construct fuzzy rules

The next step is the development of the fuzzy rules. This can be achieved by getting the 
expert to make use of the defined fuzzy linguistic variables in describing the problem‐solv‐
ing process. On the other hand, the knowledge engineer will need to do that if the necessary 
knowledge is to be obtained from other sources like observed human behaviour, computer 
databases, books or flow charts.

Step 4. Encoding

After the fuzzy sets and fuzzy rules are established, the next step is the ‘encoding’, which is 
the actual building of the fuzzy expert system. These can be achieved in two ways:

• Building the system by the use of programming language (e.g. C#, Java or C).

• Applying a fuzzy logic development tool like Fuzzy Knowledge BuilderTM or MATLAB 
Fuzzy Logic Toolbox.

In most cases, experienced developers prefer to use C/C++ programming language as it has 
more flexibility. On the other hand, when rapid prototyping and development of the fuzzy 
expert system are required, the fuzzy logic development tool is the best choice because it 
offers a complete building and testing environment.
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Step 5. Evaluating and fine‐tuning the system

Finally, the last and most difficult step is the evaluation and fine‐tuning of the system. This 
step determines if the system meets the requirement defined at the beginning of the project. 
This evaluation or test is generally dependant on the type of variables considered in the devel‐
opment of the system.

After the test, if the developers are not fully satisfied with the performance of the system, it is 
possible to improve the performance by adding more sets or by extending the rule base accord‐
ing to the FAM (Fuzzy Associative Memory), which is usually referred to as tuning. Generally, 
to tune an expert system requires much more effort and time than it takes to determine the 
initial fuzzy sets, and to construct the fuzzy rules. It is always better to successfully develop 
the solution of the problem on the first trial, with the initial series of fuzzy sets and fuzzy rules.

Another method of implementing FES is by using shells. Shells are defined as ‘a software pack‐
age that facilitates the building of knowledge‐based expert systems by providing a knowledge 
representation scheme and an inference engine’ [30]. Therefore, it refers to the software module 
that contains the (i) interface, (ii) inference engine (iii) and a structured skeleton of a knowledge 

Figure 4. Typical processes of building a FES [19].
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base (in its empty state) as well as those appropriate facilities for representing the knowledge. 
Some examples of shell include: CLIPS, EMYCIN, AION‐DS and JESS [31].

7. The proposed intelligent capability preparedness (ICP) system

In this section, the Intelligent Capability Preparedness System (ICP) tool is presented, which 
is constructed based upon the literature review and on data collected via interviews with the 
domain experts in the Saudi CD Authority. The ICER system is implemented as a ‘Prototype’ 
in order to test and evaluate its effectiveness became a fully develop system. The implementa‐
tion of the ICER system is conducted in ‘Visual Studio.net’ Framework. The rationale of select‐
ing the ‘.Net framework’ is because its compatibility with the current IT infrastructure used 
by the Saudi CD Authority; moreover, its flexibility and features are required for implement‐
ing such as a system. C Sharp (C#) is the programming language used for coding the system, 
and also ‘Microsoft SQL Server’ is used as the database management platform. Furthermore, 
there are additional tools that are used in the implementation, in order to enhance the func‐
tionality and presentation of the results, as well as enhancing the end‐user’s experience. The 
following are a brief description and usage of each tool:

• High‐Charts: it is an interactive JavaScript charts for web page application. It is free open 
source java script library for rendering a lot of different types of charts used in the system’s 
reports or outputs.

• Google Maps: it is used to address geographical data such as regions, cities and districts, 
also it aids in computing the distances between each zone (which is needed in the case of 
mutual‐aid).

7.1. Architecture of ICP system

The architecture of the ICP system is made up of three key components (see Figure 5).

Starting on the right‐hand side of the diagram, there is the ‘fuzzy expert system’ compo‐
nent, ‘end‐user’ component and finally ‘Governmental sectors’ component. The ICP system 
requires many types of inputs from various location and parties. Therefore, it is necessary to 
have a worldwide network of computer systems, and for this reason, the Internet is an essen‐
tial element within the ICP system. Using the Internet will support the ICP system in terms 
of [32, 33]:

• Providing and obtaining data from the various governmental sectors that are involved in 
the emergency management.

• Providing the ability to access to the ICP system remotely from any locations, in order to 
review and discuss the evaluation and recommendations provided by the ICP system.

• Increasing the access to real‐time information and up‐to‐date data relating to flood risk events.

The governmental sectors are the component which will intensively feed the ‘Knowledge 
Base’ within the ‘Fuzzy Expert System’ component, by providing the required input data. The 
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‘Knowledge Base’ is considered as the warehouse for all the data, information, rules, cases 
and relationships. The ICP system stores all these types of inputs here, in order to use them 
to solve the problems in the domain. The ‘Knowledge Base’ is designed based on the inter‐
view conducted with the domain experts in the Saudi CD Authority. The ‘Knowledge Base’ 
includes two types of data: (a) facts, and (b) rules. The facts are the part that contains regular 
inputs such as types of available training, HR and equipment provided, as well as the types 
and quantity of capabilities within each centre. It also houses the regional information, ID 
and statue of each emergency responders, and information about Hazard and Vulnerability 
(HV) factors within each zone. These rules are a more advanced type of input that is provided 
by experts in the domain to capture their experience. The Fuzzy Expert System includes two 
types of rules. The first type uses the ‘fuzzy set’ variables and is called the ‘fuzzy rules’, for 
examples, the fuzzy rules, which are used for making decisions relating to capabilities evalu‐
ation. The second type of rules does not use ‘fuzzy set’ variables, for example, which are the 
capability requirements for flood response missions, and types of exercises required to refresh 
each training?

A database subsystem is designed within the ICP system to store these inputs or data (see 
Figure 6). The purpose of the designed database subsystem is to organise and manage, sys‐
tematically, the inputs within the database. As shown in Figure 6, the database subsystem 
comprises of six groups in the model, namely: Geographical Information (T1); Rule and 
Policy (T2); Flood Risk and HV factors (T3); Training Capability (T4); HR Capability (T5); 
and Equipment Capability (T6). Although, storing the data in six groups takes more time and 
effort, it is also very useful to avoid complex data structure. Doing this makes the designed 
database more professional and allows easy data management.

The end‐user will be able to communicate and interact with the ICP system through the ‘User‐
Interface’, by sending inquiries and receiving feedback from the ICP system. The design of the 
‘User‐Interface’ and how the ICP system should interact with the end‐users is a very signifi‐
cant issue, as it influences how efficiently the end‐user understands and uses the outcomes as 
they deal with the problem domain. Therefore, during the process of designing the user‐inter‐
face of the ICP system, many meetings were conducted with the domain experts in the Saudi 
CD Authority, as a result, the final design of the main ‘User‐Interface’ for decision‐making 
was developed, which is referred to as the ‘Dashboard’.

Figure 5. Architecture of the ICP system.
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The design of the ICP system involves ‘14′ key processes as shown in the user‐case diagram 
in Figure 7. Some of these processes are used for providing inputs data, such as ‘P1′, ‘P2′, ‘P3′, 
‘P4′, ‘P5′, ‘P6′, ‘P7′, ‘P8′, ‘P9′ and ‘P11′. Some are used for computing and providing outputs, 
such as ‘P12′, ‘P13′ and ‘P14′. The use‐case diagram shows the interaction between and among 
the processes. For example, P12 is considered the most complex process in the system; also it 
interacts with six other major processes. The use‐case diagram is also used to clearly show the 
role of each actor [34, 35].

7.2. ICP system’s dashboard for decision‐makers

Through the ‘Dashboard’ interface, decision‐makers will be able to communicate and interact 
with the ICER system, where it displays the needed outputs for decision‐making processes. 
As shown in Figure 8, the dashboard of the ICP system comprises three main sections.

• Section 1: This section of the dashboard presents the overall outputs relating to how 
prepared the current capability is across all zones. The section also provides other sig‐
nificant information such as the up to date flood status, which are presented next to each 
zone. The details of the capability evaluation for each capability’s type are also shown 
in this section. In addition, it provides outputs relating to the local HV factors for each 
zone.

• Section 2: This section of the dashboard presents the outputs relating to how prepared 
the capability need to be. This section of the system provides recommendations on the 
needed capability for each zone, which should be considered by decision‐makers to 
reach an adequate level of readiness capability across all types of defined capabilities 
within this zone.

• Section 3: This section of the dashboard presents the outputs relating to the available mutu‐
al‐aid (or support). This is an important output particularly, when there is major weakness 
of capability readiness within a zone, and it is under a warning and exposed to flooding. As 
shown in Figure 8, the section provides a list of zones that could provide all/or parts of the 
missing capabilities; furthermore, it provides other vital information for decision‐makers, 
such as the required time to deliver the support.

Figure 6. The ICP system’s database.
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8. The ICP system V.S EMC preparedness

This section presents the outcome of examining the ICP system in the case study of the CD 
Authority, Saudi Arabia. The aim of conducting the examination is to evaluate the effective‐
ness of using such an IT system on the general performance of the Saudi CD Authority, par‐
ticularly in EMC preparedness for Flood Risk. The examination of ICP system is conducted 
by using questionnaire and structured‐interview. The examination included more than 30 
Key Performance Indicators (KPIs); however, only some of them are covered in this section.

It should be mentioned that all the participants who were involved in the questionnaire 
and structured‐interview tested the ICP system before they started the questionnaire and 
structured‐interview. The targeted audience in the structured‐interview was focused only 
on high‐level decision‐makers in the Saudi CD Authority; however, the questionnaire was 
targeted at officers and experts. The sample in the questionnaire had ‘100′ participants 
selected  randomly from different locations and ‘5′ participants in the structured‐interview. 
The following subsections describe the analysis and results found via the examination in the 
field study. Figure 9 shows the frequency distribution of the participants who were involved 
in the questionnaire according to their experience. The following subsections describe the 
analysis and results found via the examination undertaken in the field study.

Figure 7. The ICP system’s overall processes.

Figure 8. The dashboard of the ICP system.
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8.1. Evaluation of the ICP system via questionnaire

The following points are some of the questions that were raised in the questionnaire:

1. How effective is the ICP system at evaluating the readiness of the training capabilities?

Figure 10 shows that 17.8% of the respondents think that the system is extremely effective to 
evaluate the readiness of the training capabilities, 26.7% of the respondents think that the system 
is quite effective, 20.9% think that the system is moderately effective, while 15.8% of the respon‐
dents think that the system is slightly effective. On the other hand, 18.8% of the respondents 
think that the system is not at all effective to evaluate the readiness of the training capabilities.

2. How effective is the ICP system at evaluating the readiness of the HR capabilities?

As shown in Figure 11, the results reveal that 23.8% of the respondents think that it is 
extremely effective, 27.7% think that it is quite effective, 18.8% think that it is moderately 
effective, and 17.8% think that it is slightly effective, while 11.9% of the respondents think that 
the system is not at all effective.

3. How effective is the ICP system at evaluating the readiness of the equipment capabilities?
As shown in Figure 12, the results reveal that 24.8% think that it is extremely effective, 32.7% 
think that the system is quite effective, 20.8% think that it is moderately effective, 12.9% think that 
it is slightly effective, and only 8.9% of the respondents think that the system is not at all effective.

4. How effective is the ICP system at aiding experts in flood preparedness?

As shown in Figure 13, the results reveal that 39.6% of the respondents think that the system 
is extremely helpful to aid experts in flood preparedness, 35.6% think that it is very helpful, 
19.8% think that it is moderately helpful, 3.0% think that it is slightly helpful, and only 2.0% of 
the respondents think that the system is not at all helpful to aid experts in flood preparedness.

5. How helpful is the ICP system at aiding experts in flood response?

As it shown in Figure 14, the results reveal that 36.6% of the respondents think that the sys‐
tem is extremely helpful, 34.7% think that it is very helpful, 18.8% think that it is moderately 
helpful, 8.0% think that it is slightly helpful, and only 1.0% of the respondents think that the 
system is not at all helpful to aid experts in flood response.

Figure 9. Participants’ experience.
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6. How helpful is the ICP system at aiding experts to predict future capabilities needed?

As shown in Figure 15, the results reveal that 40.6% of the respondents think that the system 
is extremely helpful, 34.7% think that it is very helpful, 20.8% think that it is moderately 
helpful, 3.0% think that it is slightly helpful, and only 1.0% of the respondents think that the 
system is not at all helpful to aid experts to predict futures needs of capabilities.

8.2. Evaluation of the ICP system via structured‐interview

Table 1 presents the results obtained through the structured‐interview with five high‐level 
decision‐makers. As can be seen from Table 1, the ICP system made a marked improvement 
in all the aspects of the KPIs except for ‘viable risk reduction options as identified, evaluated, 

Figure 10. Result for Question 1.

Figure 11. Result for Question 2.

Figure 12. Result for Question 3.
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and used to inform planning’ and ‘warning systems are in place and are maintained and effec‐
tive’, which showed only a slight improvement in performance.

The weak improvement in the first KPI is not surprising, given that, at the moment, the sys‐
tem is designed for the experts to suggest the risk reduction and mitigation options, this will 
take time to fine tune and improve, and it will also be recommended as a future study to 
develop a comprehensive data base of response strategies for each identified risk.

Regarding the second weakest area in the KPI improvement (warning systems are in place 
and are maintained and effective), it is currently out of the scope of this study but it will also 
be recommended for future studies and development.

Figure 13. Result for Question 4.

Figure 14. Result for Question 5.

Figure 15. Result for Question 6.
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The most noticeable improvements included ‘Hazard risks are analysed to determine local 
impact’ with the highest score of 92%. This was previously lacking in the system, and it was 
initially scored at 8%. Given the importance of risk assessment in disaster risk reduction, by 
using the ICP system, the risk assessment now determines all the subsequent activities of 
the disaster management requirements. This can be accredited with the general performance 
improvement across the other key performance areas.

Another significant performance improvement was observed in ‘Hazard risk research, and 
information is collated and stored in a central database or register and is readily available 
to all stakeholders’ this was initially scored as 4% as there was no central system for all 
the stakeholders to have up‐to‐date instant information on hazards, risks and vulnerabili‐
ties, which is the basis of the planning requirements. The current system now offers a cen‐
tral repository that provides instant, up‐to‐date, accurate information for all the relevant 
stakeholders.

Another major performance improvement on the Saudi CD Authority is that the system now 
allows ‘a deliberate correlation between capability development and exercising objectives’ 
this was initially scored at 12% too (this was explained in an earlier interview where previous 
exercises were just recommended for day to day operations), but this is now scored at 92%.

The above feedback indicates that all these three key performance areas are now in a mature 
stage of capability readiness. It also highlights visible performance improvements and 
impacts on all the identified key performance areas. This shows that the system is perceived 
by end‐users to have a significant impact on the flash flood disaster management planning 
and response in Saudi Arabia (Table 2).

KPIs Effectiveness 
using current 
method, average 
score (%)

Effectiveness using 
the ICER system, 
average score (%)

Increased 
improvement (%)

Emergency Management research is undertaken, 
assessed, and analysed

16 80 64

Hazard risk research and information is collated and 
stored in a central database or register and is readily 
available to all stakeholders

4 88 84

Hazard risks are analysed to determine local impact 8 100 92

Hazards, vulnerabilities, and risks are monitored on an 
on‐going basis

16 68 52

The organisation uses hazard risk information to 
identify gaps within existing organisational plans, and 
prioritises planned expenditure

12 72 60

There is a process for monitoring gaps in individual/
organisational capability with regard to managing 
emergency operational functions

8 76 68

Viable risk reduction options are identified, evaluated, 
and used to inform planning

32 52 20
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9. Chapter summary

In this chapter, we introduced the FES and discussed the philosophical ideas behind it. 
Fuzzy logic is a logic that describes fuzziness. As fuzzy logic attempts to model humans’ 
sense of words, decision‐making and common sense, it is leading to more human intel‐
ligent machines. Fuzzy logic is a set of mathematical principles for knowledge represen‐
tation based on degrees of membership rather than on the crisp membership of classical 
binary logic.

This chapter has also discussed and explained the benefits of the ICP system, and how 
it contributes to the EMC readiness of the Saudi CD Authority in flood risk management 
(relating to appropriate levels of flash flood equipment, HR and training provisions). The 
ICER system is implemented in the ‘Visual Studio.net’ framework because it requires flex‐
ible features for implementing the system. The ‘dashboard’ interface for decision‐makers 
is designed and implemented to display the three types of outputs required for decision‐
making processes.

Most of the participants in the study considered the ICP system to be effective in aiding 
experts to improve EMC preparedness and deploy better flood risk responses. Regarding 
the usefulness of the ICP system to aid in predicting future needs of EMC, the results 
showed that almost all the respondents found the system easy to use, and only a small 
minority (less than 5%) considered the system not to be effective. Most importantly, all 
of the respondents believed that there is a demand for the ICP system in the Saudi CD 
Authority, and that they would recommend the ICP system to be adopted and used across 
the CD centres. The most significant recommendation for improvement from the survey 
was that the system should include other types of EMC and then update the ICP system 
to aid in management of other disasters. Subsequently, the evaluation of the performance 
improvement from the use of the system showed that there is significant improvement in 
almost all the aspects of the identified KPIs compared to the evaluations before deploy‐
ment of the IT solution.

KPIs Effectiveness 
using current 
method, average 
score (%)

Effectiveness using 
the ICER system, 
average score (%)

Increased 
improvement (%)

Implementation of risk reduction programmes is 
inclusive and coordinated

16 48 32

Capability development strategy and programs are 
developed according to organisational needs

16 72 56

The Saudi CD’s centres and member work together 
cooperatively and collaboratively

12 80 68

Table 2. Improvement in KPIs before and after using the ICP system (Source: Authors).
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