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Abstract 

Pressure on water resources have been increasing over time, due to external forces 

such as population growth, irregular distribution, water waste, aquifer contamination and 

also climate change. Global climate change is expected to intensify current and future 

tensions over water resources and will increase the frequency and intensity of droughts 

and floods. Thus, in addition to extreme events such as floods and droughts, water quality 

and forest fire problems are also a concern. Therefore, some methodologies have been 

tested to improve, mitigate or help better management and planning of water and thus 

combat these water-related problems. 

In Chapter 1, a brief introduction is made about pressures on the water resources and 

their consequences for the environment and society, while some solutions are suggested. 

An improved framework model to allocate optimal rainwater harvesting sites in small 

watersheds for agro-forestry uses is presented in Chapter 2. The developed model aims 

to select optimal RWH sites based on a multi-criteria analysis involving physical, socio-

economic and ecologic parameters. The choice of specific socio-economic parameters 

allowed the selection of optimal places away from urban centres or large farming areas, 

which prevent the use of stream water with excessive anthropogenic nutrients in irrigation 

that may cause accumulation of nitrosamines in the food chain with severe consequences 

to human health. 

Chapter 3 discusses rainwater harvesting in catchments for agro-forestry uses: A study 

focused on the balance between sustainability values and storage capacity. This model 

follows the line of the previous chapter, but was significantly improved. In this case, 

attention was paid to the balance between sustainability values and storage capacity of 

RWH systems. The study aimed at ranking 384 rainfall collection sub-catchments as 

regards installation of RWH sites for crop irrigation and forest fire combat. The practice 

of RWH at the catchment scale is frequently concerned with ecological sustainability 

values, namely through the aesthetic landscape enhancement. To naturally cope with 

these values, RWH infrastructure (dam wall) heights must not exceed ≈3 m. The results 

showed that more engineered dams may not always ensure all sustainability values but 

warrant much better storage. The limiting parameter was the dam wall height, because 
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217 sub-catchments were found to drain enough water for irrigation and capable to store 

it if proper dam wall heights were used. 

Chapter 4 argue about flood risk attenuation in critical zones of continental Portugal 

using sustainable detention basins. Within the framework of Directive 60/2007/EC 

(Floods Directive), Flood Risk Management Plans were developed for 23 critical flood 

risk zones identified in Portugal, capable to eliminate the high and very high flood risk 

areas instead of attempting to ensure full control of the flood in all potentially threatened 

areas. The results showed that the number of sustainable detention basins is reduced by 

about 30% when the full flood control model is used. Although the results indicate the 

possibility of installing more unsustainable than sustainable detention basins, in all 

critical areas, only three do not provide sustainable solutions. Therefore, in these critical 

areasthe construction of highly designed structures would be mandatory.  

“Can Land Cover Changes Mitigate Large Floods? A Reflection Based on Partial Least 

Squares-Path Modeling” was a question we tried to answer in Chapter 5. The aim was to 

verify, using a Partial least Squares-Path Model (PLS-PM), if changes in specific 

catchment variables, such as forest occupation or imperviousness of urban areas, would 

result in lower dam heights. In some realistic scenarios, the forecasted changes comprised 

30% increase in forest areas or 30% decrease in impervious urban areas. Other purely 

academic scenarios were also tested, comprehending, for example, the duplication of 

forest areas or the reduction of catchment slope. In all cases, however, the dam wall 

heights did not fall significantly and remained very high. Therefore, the answer to the 

initial question is that non-structural measures may not always be an efficient way to 

reduce stream flows in a manner that flood detention can be achieved through 

construction of sustainable dam structures. 

Finally, in Chapter 6, the general conclusions and future perspectives were presented. 

Keywords: Rainwater harvesting; Geographic Information System; Spatial multi 

criteria analysis; Agro-forestry uses; Storage; Flood risk attenuation; Detention basin; 

Watershed management; PLS-SEM; Landscape change. 
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Resumo 

As pressões sobre os recursos hídricos têm aumentado ao longo do tempo, devido a 

forças externas como crescimento populacional, distribuição irregular, desperdício de 

água, contaminação de aquíferos e também devido às alterações climáticas. Estas 

alterações, a nível mundial tendem a intensificar as tensões atuais e futuras sobre os 

recursos hídricos e aumentar a frequência e a intensidade de secas e inundações. Assim, 

além destes eventos extremos, a qualidade da água e os problemas com incêndios 

florestais também são uma preocupação. Portanto, algumas metodologias foram testadas 

para mitigar ou melhorar a gestão e planeamento hídrico e, assim, combater esses 

problemas relacionados à água. 

No capítulo 1, é feita uma breve introdução relacionada com as pressões exercidas 

sobre os recursos hídricos e suas consequências para o meio ambiente e a sociedade, 

enquanto algumas soluções são sugeridas. 

Um modelo que permite encontrar locais ótimos para aproveitamento de água da chuva 

em pequenas bacias hidrográficas para usos agroflorestais é apresentado no Capítulo 2. 

O modelo desenvolvido visa selecionar locais ótimos de Aproveitamento de Águas 

Pluviais (AAP) com base numa análise multicritério através de parâmetros físicos, 

socioeconómicos e ecológicos. A escolha de parâmetros socioeconómicos específicos 

permitiu a seleção de locais ótimos fora dos centros urbanos ou grandes áreas agrícolas, 

que impedem o uso de água com excesso de nutrientes de origem antropogénica na 

irrigação, que podem causar acumulação de nitrosaminas na cadeia alimentar, com graves 

consequências para a saúde humana. 

O capítulo 3 discute a captação de água da chuva em bacias hidrográficas para uso 

agroflorestal: um estudo focado no equilíbrio entre valores de sustentabilidade e 

capacidade de armazenamento. Este modelo segue a linha do capítulo anterior, mas foi 

significativamente aprimorado. Nesse caso, foi dada atenção ao equilíbrio entre os valores 

de sustentabilidade e a capacidade de armazenamento dos sistemas de AAP. O estudo 

teve como objetivo classificar 384 sub-bacias de captação de precipitação no que diz 

respeito à instalação de locais de AAP para irrigação de culturas e combate a incêndios 

florestais. A prática de AAP à escala da bacia hidrográfica preocupa-se frequentemente 

com os valores da sustentabilidade ecológica, nomeadamente através da melhoria da 
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paisagem envolvente. Para lidar naturalmente com esses valores, as alturas das 

infraestruturas de AAP (altura do paramento da represa) não devem exceder ≈3 m. Os 

resultados mostraram que barragens maiores nem sempre garantem todos os valores de 

sustentabilidade, mas garantem um armazenamento muito melhor. O parâmetro limitante 

foi a altura da represa, porque 217 sub-bacias captavam água suficiente para irrigação e 

eram capazes de armazená-la desde que fossem selecionadas as alturas adequadas da 

infraestrutura. 

O capítulo 4 discute a atenuação do risco de inundação em zonas críticas de Portugal 

continental, usando bacias de retenção sustentáveis. No âmbito da Diretiva 60/2007 / CE 

(Diretiva de Inundações), foram desenvolvidos Planos de Gestão de Risco de Inundação 

para 23 zonas críticas de risco de inundação identificadas em Portugal, capazes de 

eliminar as áreas de alto e muito alto risco de inundação, em vez de tentar garantir o 

controle total de inundação em todas as áreas potencialmente ameaçadas. Os resultados 

mostraram que o número de bacias de retenção sustentável é reduzido em cerca de 30% 

quando o modelo completo de controle de inundação é usado. Embora os resultados 

indiquem a possibilidade de instalar mais bacias de retenção não-sustentáveis do que 

sustentáveis, em todas as zonas críticas, apenas três não fornecem soluções sustentáveis. 

Portanto, nessas zonas críticas, a construção de infraestrutura altamente projetadas seria 

a única solução. 

“As alterações do uso do solo podem atenuar grandes inundações? Uma reflexão baseada 

na modelação de PLS-PM” foi uma pergunta que tentamos responder no capítulo 5. O 

objetivo era verificar, se alterações em variáveis específicas da bacia hidrográfica, como 

ocupação florestal ou impermeabilização de áreas urbanas, resultaria em menores alturas 

de barragens, utilizando um modelo de PLS-PM (Partial Least Square - Path Modeling). 

Em alguns cenários realistas, as alterações previstas incluíram aumento de 30% nas áreas 

florestais ou redução de 30% nas áreas urbanas impermeáveis. Também foram testados 

outros cenários puramente académicos, compreendendo, por exemplo, a duplicação de 

áreas florestais ou a redução do declive da bacia hidrográfica. Em todos os casos, no 

entanto, a altura da represa não desceu significativamente, permanecendo muito alta. 

Portanto, a resposta para a pergunta inicial é que as medidas não estruturais nem sempre 

podem ser uma resposta eficiente na redução dos escoamentos, assim sendo, a retenção 

da água que provoca inundações pode ser feita através da construção de barragens 

sustentáveis. 
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Finalmente, no capítulo 6, foram apresentadas as conclusões gerais e as perspetivas 

futuras. 

 

Palavras-chave: Aproveitamento de águas pluviais; Sistemas de Informação 

Geográfica; Análise espacial multicritério; Utilizações agroflorestais; Armazenamento; 

Atenuação do risco de inundação; Bacia de retenção; Gestão de bacias hidrográficas; 

PLS-SEM; Mudança de paisagem. 
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Preamble 

The presented work was elaborated within the scope of a Research fellowship of the 

Interact Project (Integrative Research in Environment, Agro-Chain and Technology) 

within the BEST - Bio-Economy and Sustainability line, which aimed to respond to Task 

1, entitled “Preserving Water Resources”, in particular in Project 1.1, called“ Agro-

forestry pressures on catchments ”. 

The study area of this Project was, in general, in mainland Portugal, priority given to 

Ave and Sabor river basins. 

According to the research work developed, three scientific articles were published, 

with a fourth article being submitted and under review. In this way, the Thesis now 

presented is a compilation of the four scientific articles, a general introduction to the 

theme of the thesis and a chapter dedicated to the final conclusions.  

1.1.Introduction 

Freshwater is a precondition for human, animal and plant life. Water is also an 

indispensable resource for the economy and plays a fundamental role in the climate 

regulation cycle. However, it is often consumed irrationally, as if it were inexhaustible 

(EEA, 2018a). This valuable resource has been experiencing numerous anthropogenic 

pressures, which originate from fast population growth and urbanization, a change of 

consumption patterns as the living conditions improve, rainfall irregular distribution, 

water waste, variations in climate and pollution patterns (IPCC, 2014a; SIAM, 2002). All 

these pressures are caused by changes in the lifestyle of modern society by technological, 

industrial and agricultural advances. As a resource with such demand, it bears a huge 

environmental, economic and social importance.  

1.2.Water availability 

Although water is an abundant resource on our planet, the amount of freshwater 

available for human use is limited by the planet's natural conditions. In fact, of all water 

in the world, about 97.5% of the water is salty and only 2.5% is freshwater. Of this 2.5%, 

most (1.8%) is retained as ice in Antarctica, the Arctic and the glaciers and is not available 

for human use. Thus, the water needs of humanity and terrestrial ecosystems have to be 
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fulfilled through the remaining 0.7% of the planet's freshwater. This freshwater is 

available in underground aquifers, circulating in the atmosphere, in precipitation, stored 

in natural lakes, rivers and reservoirs (CNA, 2019).  

Apart from the scarcity problems, the planet's water is not evenly distributed 

geographically. There is a discrepancy between the most populated and needy areas and 

the areas where water is most abundant. The main groundwater nature reserves stored in 

aquifers are in relatively sparsely populated areas. On the other hand, the large masses of 

cold freshwater are in the polar regions and it is essential for sea level maintenance and 

climate stability to remain as they are and it is unreasonable to rely on that water for 

human use (CDP, 2018; ONU and OMS, 2017). 

Freshwater is very irregularly distributed on the Earth's surface, with 60% of available 

freshwater resources concentrated in less than ten countries: Brazil, Russia, China, 

Canada, Indonesia, USA, India, Colombia and the Democratic Republic of Congo (CNA, 

2019). However, the variation of water availability in each country's territory can be 

significant, with countries having very humid but also very dry regions (e.g., Australia, 

Brazil and North America). In Portugal, the annual rainfall generally decreases from north 

to south. In addition to the spatial variation, it also varies markedly throughout the year 

(intra-annual or seasonal variation), with much precipitation being concentrated in a 

wetter semester. The spatial-temporal variation of precipitation is essentially replicated 

in the variation of runoff. Precipitation and runoff are also quite irregular between 

different years, with the occurrence of dry years and wet years (APA, 2018a; CNA, 2019) 

In addition to scarcity and irregular distribution of water resources, there may be a lack 

of available freshwater at times when is needed, due to variations in rainfall and runoff in 

different seasons, with drier periods alternating with wetter periods. Extreme phenomena 

such as droughts and floods also contribute to the variability in water availability in many 

locations. 

The huge increase of world’s population in recent decades has led to a dramatic 

increase in water consumption and consequently a decline in its availability. Over two 

billion people live in countries experiencing high water stress. Growing water stress 

indicates substantial use of water resources, with greater impacts on renewability and 

hence resource sustainability. Moreover, when accounting for variations in season-to-
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season water availability, it is estimated that about two-thirds of the world's population 

(≈ 4 billion people) experience severe water scarcity for at least one month of the year 

(Hoekstra and Mekonnen, 2016). Other important issues are contributing to water stress, 

such as the physical water stress that does not take into account the economic water 

scarcity. In this case, access to water is not limited by the number of existent water 

resources, but by the lack of infrastructures capable to collect, transport and treat water 

for human purposes (UN-WATER, 2019). Levels of physical water stress are likely to 

increase as population and associated demand for water grow, and the effects of climate 

change intensify (UN-WATER, 2018). Climate change and increasing climate variability 

are also likely to vary at the local and basin scales and over different seasons. 

1.3. Water demand and use 

Population growth is one of the most responsible drivers for increasing water demand, 

both directly (e.g., for drinking water, sanitation, hygiene and domestic use) and 

indirectly (e.g., through growing demands for water-intensive goods and services, 

including food and energy) (UN-WATER, 2019). In June 2017, the global population 

reached 7.6 billion people and is expected to reach about 8.6 billion by 2030 and to rise 

further to 9.8 billion by 2050 (UNDESA, 2017). 

Driven by a combination of population growth, socio-economic development and 

changing consumption patterns, water use has been increasing worldwide by about 1% 

per year over the last few decades (AQUASTAT website, 2016; WWAP, 2016). 

Agriculture (including irrigation, livestock and aquaculture) is already the world’s largest 

water user, accounting for approximately 70% of total global freshwater withdrawals and 

up to 85% in some developing countries. This Global water demand is expected to 

continue increasing at similar rate until 2050, accounting for an increase of 20 to 30% 

above the current level of water use. Although the share of agricultural withdrawals is 

projected to decline slightly over the period until 2040, on the other hand projected 

increases in demand from the industrial and domestic sectors are expected (Burek et al., 

2016; IEA, 2016a; OECD, 2012). The UN Sustainable Development Goal 6 (SDG 6) 

aims to ensure the availability and sustainable management of water and sanitation for 

all. The quest of this goal is likely to increase domestic demand and the energy and 

infrastructure necessary to provide it (IEA, 2016b), especially in the developing countries. 

Water availability for agriculture production and water quality are major concerns in 



Chapter1 

6 

Europe. Water shortage is already limiting crop productivity in some regions. With 

climate change, negative effects or water shortages will worsen and affect larger areas. 

The environmental challenge is significant because water quality is under continuous 

threats related to unsuitable practices and overuse. Furthermore, although agriculture is a 

major user of water, other uses strongly compete for this natural resource (EIP-AGRI, 

2018). Agriculture’s share of total water use is therefore likely to fall in comparison with 

other sectors, following 2040, as already mentioned, but will keep the status of largest 

user of all in the coming decades, both in terms of water withdrawals and water 

consumption (Figure 1.1). 

 

Figure 1. 1 - Global water demand by sector until 2040. Source: IEA (2016). 

In Europe, water is generally used unsustainably. In Northern Europe, the main 

problem is water quality, not water quantity. These problems are related with insufficient 

treatment of domestic sewer and diffuse sources of pollution, such as tressing of 

commercial fertilisers or manures. To initiate a combat to this problem the European 

Union forced the European countries to implement the Water Framework Directive 

(E.C.60 / 2000). On the other hand, in southern Europe water shortages are a major issue. 

The Mediterranean landscape as a whole is ecologically fragile and seriously threatened 

by prevailing social and economic trends (WWAP, 2016). In this respect the future of the 

region may be threatened by increasing pressure on coastal areas, expanding differences 

between tourist areas and rural inland areas, through serious competition for water 

resources, high susceptibility to pollution and sensitivity between the balance of water 

and soil. The soils in this region are extremely vulnerable to erosion, with resulting 

problems in maintaining water resources (sedimentation in reservoirs, bed stability, 
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etc.)(Jiménez Cisneros et al., 2015). Most of the population in Europe is concentrated 

near or in the coastal area itself, and growing tourism in the southern areas causes a strong 

seasonal demand for freshwater. Thus, unequal demand for water, both in space and time, 

increases the cost of making water accessible. Wastewater management problems 

increase with urban population expansion during the summer and effluents cause 

deterioration of coastal water quality. Overall, European water resources appear to be 

under severe physical, social, economic and environmental pressure (Karavitis, 2009). 

The total use of water for urban purposes in Europe is estimated at about 53,294 Hm3 

/ year, which corresponds to 18% of the total extraction and 27% of consumption uses. 

Most urban water consumption is for domestic use. Most of the water used in homes is 

for flush toilets (33%), bath and shower (20 – 32%) and washing and dishwasher (15%). 

The proportion of water used for cooking and drinking (3%) is minimal compared to other 

uses (UN-WATER, 2019). 

From the available data sources, a clear distinction between urban and tourist uses is 

not possible. Tourism puts a wide range of pressures on local environments. The impact 

on tourism (total and peak-volume) of water may conflict with other needs, especially in 

regions where water resources are scarce in the summer, competing with other sectors of 

the economy such as agriculture and forest. Uncontrolled tourism development, typical 

in recent decades, has led to degradation of the quality of the environment, particularly in 

coastal and mountainous areas. Tourist use of water is generally higher than that of the 

resident population. A tourist consumes about 300 l/ day, while European domestic 

consumption is around 150-200 litres. In addition, recreational activities such as 

swimming pools, golf and water sports increase the pressures on water resources. In 

addition, significant fluctuations in water supply, both monthly and annually, can cause 

shortages (EEA, 2019). 

Total water use for industrial purposes in Europe is 18% of its water consumption, 

which has been declining due to declining industrial production, use of more efficient 

technologies with fewer water requirements and use of economic instruments. Forecasts 

of industrial water use in Europe generally show a declining trend due to increased 

efficiency in industrial processes, increased water reuse and the decline of resource-

intensive industries in Europe (EEA, 2018b). 
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Water abstracted for energy production is considered non-consumer use and represents 

about 30% of all uses in Europe. In general terms, most of the water extracted by 

industries is used for cooling. However, cooling water is usually returned to the water 

cycle without change, apart from a rise in temperature and some possible biological 

contamination (IEA, 2016b). 

Over the past few decades, the trend in agricultural water use has been broadly 

increasing due to the increasing use of water for irrigation. However, during recent years 

in several countries, the growth rate has slowed. Overall, two trends can be distinguished. 

On the one hand, if production is reduced the demand for means of production, such as 

water, is logically bound to decrease. On the other hand, there may be a shift towards 

more profitable crops, which in southern climates often require irrigation. Perhaps the 

greatest potential for water saving in northern Europe lies in the reduction of water loss 

rates in distribution systems, particularly for home use. In Southern Europe, the biggest 

challenge lies in reducing losses in irrigation systems as well as moving towards less 

water-intensive but still profitable crops (EIP-AGRI, 2018; Karavitis, 2009). 

Accompanying the world trend, the main consumptive uses of water in Portugal 

include population supply, agriculture (irrigation and water for livestock) and industry, 

while hydroelectric production is the main non-consumptive use (CNA, 2019). The total 

uses by sector are depicted in Figure 1.2, which reveals  agriculture as dominant sector, 

accounting for about 75% of all water uses, followed by energy production with 14%, 

water supply for populations with 6% and industry with 4%. It is also important to note 

that Portugal consumes annually just 20% of their freshwater resources, with a share of 

75% for agriculture as mentioned. Given the large portion of unused water resources, it 

is feasible to question the occurrence of scarcity at the national and annual scales. 

However, the excess of resources only occurs in Winter time, when rainfall is more 

abundant and farmlands are not used for irrigated crops, being more expressive in the 

Northwest. The summer season brings a much different reality, with water deficits in the 

topsoil, reduced rainfall and large consumption of irrigation water, mostly in the South. 

Inevitably, this stresses the supply system, especially in the drier years. Eventually, the 

collection of winter rainfall in small catchments would help reducing this water 

management problem (INE, 2011). 
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Figure 1. 2 - Total annual use of water resources in Mainland Portugal and its distribution by sector 

(INE, 2011). 

Irrigated crops are the most common in Portugal. This type of agriculture exerts strong 

pressure on the environment, especially on water quantity and quality. Rainfed crops are 

also important sources of food, but they do not ensure production requirements in spite 

of exerting less negative pressures on the environment. Thus, an improvement of water 

use efficiency in irrigated agriculture becomes necessary. The step to efficiently 

accomplish this outcome would be the implementation of planning and design programs 

for the allocation of small irrigation structure that would make water available when is 

needed. However, the public commitment to solve irrigation (and other) water related 

problems with small dams has not been consistent among successive governments, the 

reason why the problem persists (CNA, 2019; INE, 2011). 

1.4. Pressures on water resources 

The combination of both naturally occurring conditions and humanity’s actions creates 

pressure on the hydrosphere. Climate change and natural variability in the distribution 

and occurrence of water are the natural driving forces that complicate the sustainable 

development of global water resources. Pressures on water resources are increasing 

mainly because of human activity (e.g., urbanisation), population growth, increased living 

standards, growing competition for water and pollution (UN-WATER, 2006). This work 

will be focused the water quality pressures, quantity pressures and the climate change 

influence. 
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1.4.1. Water quality pressures 

Although most people in Europe have access to good quality drinking water, in some 

parts the quality fails to meet basic biological and chemical standards (EEA, 2019). 

Almost all human activities can and do influence adversely water quality, expressed in 

the loss of pristine-quality water bodies, impacts associated with changes to 

hydromorphology, the rise of emerging pollutants and the spread of invasive species (UN-

WATER, 2018), among others. Water quality is influenced by direct point source and/or 

diffuse pollution sources.  

 Point sources – Point sources are defined as stationary locations or fixed 

facilities from which pollutants are discharged, and they represent a major pressure 

on water bodies of Europe (EEA, 2019). Effluent discharges from urban and 

industrial stations are main point sources and causes of water quality degradation 

(Garnier et al., 2013; Nyamangara et al., 2008). Discharge of urban effluents is 

known to contain higher organic loads, comparatively to industrial effluents (Hayet 

et al., 2016). However, even in industrial effluents it is possible to find high 

concentrations of organic compounds, namely from industries related to food 

production (Grizzetti et al., 2008; Serrano-Grijalva et al., 2011). High loads of 

heavy metals are also released from industrial activities such as mining (Sheoran 

and Sheoran, 2006) or metallurgic activities (Soares et al., 1999). 

 Diffuse pollution - Contrarily to point sources, diffuse pollution can be 

caused by a variety of activities that have no specific point of discharge (APA, 

2018a). Eventually, livestock production (Moss, 2008) and agriculture (Ayers and 

Westcot, 1985) are the most important diffuse threats to water quality, but urban 

land, forestry, atmospheric deposition and rural dwellings can also be relevant 

sources. Modern-day agricultural practices often require high levels of fertilizers, 

pesticides and manure, leading to high nutrient (e.g. nitrogen and phosphorus) 

surpluses that are diffusively transported through infiltration into groundwater and 

runoff into streams, rivers and lakes. These excessive nutrient concentrations in 

water bodies cause adverse effects by promoting eutrophication, oxygen depletion, 

the introduction of toxins or other compounds produced by plants, reduced water 

clarity. Ultimately, these adverse effects can lead to disastrous losses of plant and 

animal species in the riverine ecosystems (APA, 2018a). Excess nutrient levels can 
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also be detrimental to human health. The adverse impacts of all these agricultural 

pollutants are exacerbated by the use of water in crop irrigation because the liquid 

effect increases the concentration of pollutants in water bodies. The use of 

contaminated water in crop irrigation can also pose serious threats to human health 

related to the accumulation of nitrosamines in the food chain, which increases the 

risk of various types of cancer (EEA, 2018a; Nawrocki and Andrzejewski, 2011). 

According to the European Environment Agency, diffuse sources and 

hydromorphological pressures are the main pressures over water bodies in Europe. 

In Portugal, the second generation of River Basin Management Plans reinforce this 

idea, because they relate 38 % of Portuguese surface water bodies with significant 

pressures caused by diffuse sources (APA, 2018a). 

 

1.4.2. Hydromorphological pressures 

This type of pressure is associated with physical changes in drainage areas as well as 

in beds and banks of watercourses and estuaries, which have an impact on their 

morphological conditions and hydrologic regime (APA, 2018a). Human activities may 

cause severe hydromorphological pressures and changes on water bodies. Among the 

most impacting activities, agriculture, urban development, navigation, flood protection 

and defence, mineral extraction, energy production and recreational and leisure activities, 

may be referred to as prominent (UNESCO-WWAP, 2012). The pressures sourced from 

human activities, such as water storage, water transfer, channelization, deforestation of 

riparian buffer, all affect the physical habitat of terrestrial and aquatic life. These changes 

in the physical characteristics of water bodies’ shape, boundaries and content, may disrupt 

the suitable habitats for natural species to live healthily (APA, 2018a). 

1.4.3. Quantitative pressures 

Quantitative pressures relate to water harvesting activities for various purposes, 

namely for production of drinking water, irrigation or industrial activity (APA, 2018a). 

According to the Water Framework directive (WFD), quantitative status is only referred 

to specifically for groundwater bodies, but quantitative pressures must be assessed for all 

water bodies. For surface waters, these pressures are used to assess hydromorphological 

status. In all water bodies quantitative pressures are also important as they have an effect 
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on dilution, residence time, and storage (IMPRESS, 2002). Examples of quantitative 

pressures are contained in Table 1.1. 

Table 1. 1. Example quantitative pressures and their impacts (IMPRESS, 2002). 

Activity or Driving 

force 
Pressure Possible change in state or impact 

Agriculture and land use 

change 

Modified water use 

by vegetation.  
Land sealing Altered recharge of groundwater body 

Abstraction for 

irrigation, public & 

private supply  

Reduction in flow 

or aquifer storage. 

Reduced dilution of chemical fluxes. Reduced storage. 

Modified flow and ecological regimes. Saline intrusion. 

Modified dependent terrestrial ecosystem. 

Artificial recharge  
Increased storage 

Increased outflow. 
Contamination of groundwater. 

Water transfer  
Increased flow in 

receiving water. 
Modified thermal, flow and ecological regimes. 

The quantitative pressures are associated with activities that draw water for various 

purposes, and the main pressures causing failure to achieve good quantitative status are 

water abstraction for public water supply, agriculture and industry (European 

Environmental Agency, 2018). In Portugal, the water volume used by the energy sector 

is very important, although being considered markedly non-consumptive, since it is 

mostly due to hydropower generation (above 99% of the total). The annual estimate of 

water used for electricity generation is 102 000 Hm3. However, given the fact of being a 

non-consumptive use, it was not considered as a quantitative pressure for the purpose of 

the analysis (Freire de Carvalho and Almeida, 2013). 

Sustainable use of water from the quantitative standpoint is a real challenge for water 

resources management, given current and future uses and their combination with climate 

change scenarios (APA, 2018a). 

1.4.4. Climate change influence 

Climate change can influence pressures and water-related phenomena, as well as their 

spatial-temporal variations. Climate change may cause changes in the hydrological cycle 

and is likely to modify the environment, triggering various impacts and risks. Many 

impacts that occur because of climate change are water-related and can affect the amount 

and distribution of rainfall, stream flows, water levels and water temperature (UN-
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WWAP, 2003; UNESCO, 2019). Even though water moves through the global 

hydrological cycle, it is a locally variable resource, and vulnerabilities to water-related 

hazards such as floods and droughts differ among regions (IPCC, 2014b). Traditional 

water systems were planned to also resist and recover from these extreme events. 

However, as the weather is changing extreme events are intensifying in some places and 

sometimes exert new and unexpected pressures on the existing water bodies (Bates et al., 

2008; Jiménez Cisneros et al., 2015). These extreme hydrologic events gain potential to 

affect human security when combined with non-climatic drivers, such as population 

increase, new economic pressures on supplies, urbanization, land use or natural 

geomorphic changes and water contamination (UNESCO, 2019). Society is primarily 

impacted by climate change and climate variability through changes in the global and 

local water systems, which are also likely to vary at the local and basin scales and over 

different seasons. For the most part, however, wet regions and seasons become wetter and 

dry regions and seasons become drier, so climate change will likely exacerbate water 

stress in areas that are already the most affected (IPCC, 2014a). Hence, it is important 

and urgent to account climate change impacts on the water resources, but also to 

acknowledge the impact of humans on climate (UN-WWAP, 2003). 

1.4.5. Water-related Hazards 

Water-related hazards such as floods and droughts can affect water supply and 

sanitation infrastructure, leading to significant economic and social losses and impacts. 

Such hazards are projected to increase in frequency and intensity as result of climate 

change (UN-WATER, 2019). The short and long-term impacts of water-related extreme 

events pose both direct impacts (e.g., damage to buildings, crops and infrastructure, and 

loss of life and property) and indirect impacts (e.g., losses in productivity and livelihoods, 

increased investment risk, indebtedness and human health impacts). The increasing 

economic cost and toll of disasters should be a significant incentive for governments and 

humanitarian organizations to focus more attention on preparedness, prevention and 

evaluation of root causes of vulnerability (Mata-Lima et al., 2013; UN-WATER, 2019). 

The impacts and costs of these events are exacerbated by factors such as unplanned 

urbanization and degradation of ecosystem services. Reducing the risk to and improving 

the resilience of water and sanitation services will be the key to maintain access during a 

climatically uncertain future (UN-WATER, 2019). 
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According to the International Panel for Climate Change –IPCC (IPCC, 2012), the 

impact of climate change is expected to diverge from region to region and a few available 

studies suggest an increase of flood hazards in a vast portion (> 50%) of our planet. The 

frequency of floods in small river basins is very likely to increase. These predictions are 

not announced for larger watersheds because intense rainfall is commonly restricted to 

small areas. Spring snowmelt floods are likely to become scarcer, because less winter 

precipitation will fall as snow and more snow will melt during extensive Winter thaws. 

Worldwide, the damage from floods will increase because more people and more assets 

will be in harm’s way. The IPCC report also estimates for the end of the 21st-century that 

meteorological droughts (less rainfall) and agricultural droughts (drier soil) are projected 

to become longer, more frequent, or both, in some regions and some seasons, because of 

reduced rainfall, increased evaporation or both. However, it is still uncertain what these 

rainfall and soil moisture deficits mean for prolonged reductions of streamflow as well as 

of lake and groundwater levels (IPCC, 2014a). 

A considerable portion ( 90%) of natural disasters are water-related and the number 

of people affected as well as the damage resulting from these disasters continues to rise 

(CRED and UNISDR, 2019). The human cost of water-related disasters depends on 

multiple factors, including the type of hazard, its location, duration, and size of affected 

population (EM-DAT, 2018). In the period 1995–2015, floods around the planet 

accounted for 43% of all documented natural disasters, affecting 2.3 billion people, 

killing 157,000 more and causing US$662 billion in damage. Over the same 20-year 

period, droughts accounted for 5% of natural disasters, affecting 1.1 billion people, killing 

22,000 more, and causing US$100 billion in damage (CRED and UNISDR, 2019; 

UNISDR, 2015). In Portugal, floods were the extreme events that have caused the largest 

impact in terms of occurrence over the 1900–2015 period (Table 1.2). Besides, these 

water-related events have caused a large number of deaths, while affecting a very large 

number of people through huge economic losses (EM-DAT, 2018). Droughts, despite of 

a scarce number of occurrences and absence of deaths and people affected, have caused 

huge losses mostly in the agricultural sector. Finally, forest fires were related to the largest 

number of people affected and economic losses. 



Chapter 1 

15 

Table 1. 2 - Type of natural disasters in Portugal by type of damage occurred (adapted from EM-DAT, 

2018). 

Type of Natural 

Disasters (Portugal) 

No. of 

occurrences 

No. of 

Dead 

No. of 

Affected 

Total Losses 

(x 1000 US $) 

Droughts 3 0 0 1 443 136 

Extreme temperatures 

(low and high) 
4 2 737 0 - 

Floods 13 596 53 534 1 493 100 

Extreme precipitation 9 49 4 291 295 000 

Wildfires 9 69 150 186 3 475 000 

Given the magnitude of damages usually caused by natural disasters, the societal 

adaptation to water-related changes should be a mandatory component of water resources 

plans and vice versa, meaning that no climate change adaptation plan should be developed 

without explicit consideration of water issues. This recommendation is especially 

pertinent in a scenario where global challenges related to water are increasing (UNESCO, 

2019).  

a) Drought 

It is important to note that water scarcity and drought are distinct problems. While 

water scarcity refers to an imbalance between water demand and sustainable (long-term) 

supply, drought is generally defined as “an extended period – a season, a year, or several 

years – of scarce precipitation compared to the statistical multi-year average for a region 

that results in water shortage for some activity, group, or environmental sector” (ICID, 

2017). Being inherently related with time, droughts are inevitably aggravated by climate 

change. According to the European Environmental Agency, climate change will in the 

future lead to increased intensity and frequency of droughts, aggravating water stress, 

particularly in the summer months (APA, 2018a; INE, 2011; IPCC, 2014a). 

In general, droughts are understood as a transient physical condition, linked to more 

or less long periods of low rainfall, and to negative repercussions on the environment, 

ecosystems and socioeconomic activities including agriculture (APA, 2018a). Based on 

the effects of droughts, they can be classified as meteorological, agricultural and 

hydrological, not dissociated from their socioeconomic and environmental impacts (APA, 

2018a; INE, 2011). 
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The meteorological drought is characterized by the lack of water induced by the 

imbalance between precipitation and evaporation, which depends on other elements such 

as wind speed, temperature, air humidity and sunshine. The weather drought also depends 

on location, because weather conditions that result in rainfall deficiencies may differ 

greatly from region to region (CRED UNISDR, 2019).  

The agricultural drought is linked to the lack of water caused by a disproportion 

between available water in the soil, the requirements of crops and the respiration of plants. 

This type of drought is related to the characteristics of the crops and natural vegetation 

(ICID, 2017). Sometimes, the combination of weather drought and agricultural drought 

can occur, because there is a cause-effect relationship between them. Thus, the lack of 

water induced by the imbalance between precipitation and evaporation will have direct 

consequences on soil water availability and consequently on crop productivity (APA, 

2018a). 

In Portugal, the organization responsible for monitoring meteorological and 

agricultural droughts is the Institute for Sea and Atmosphere (IPMA). The indices used 

to perform the monitoring comprise the Palmer Index or PDSI (Palmer Drought Severity 

Index) and the SPI (Standardized Precipitation Index). The PDSI uses temperature, water 

capacity and precipitation data to estimate a relative dryness. The application of this index 

allows to detect the occurrence of drought periods and classifies them for intensity as 

follows: weak, moderate, severe and extreme (SIAM, 2002). The SPI is widely used to 

characterize meteorological droughts on a range of timescales, reflecting the impact of 

drought on water availability. The smallest scales, up to 6 months, refer to meteorological 

and agricultural droughts (rainfall and soil moisture deficit, respectively), while the 

timescales between 9 and 12 months refer to the hydrological drought with water scarcity 

reflected in runoff and reservoirs (Keyantash and NCARS, 2018). 

The hydrological drought is associated with the status of storage in reservoirs, lagoons, 

aquifers and waterways in general. It is therefore related to the reduction of the average 

surface and underground water levels and the depletion of water in the soil. This type of 

drought is usually out of step with the weather drought, because longer periods are needed 

for precipitation deficiencies to manifest themselves in the various components of the 

hydrological system (CRED and UNISDR, 2019). 
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Portugal is characterized by inhomogeneous weather and hydrologic condition, which 

have a consequence on the spatial distribution of droughts. Usually, droughts are more 

frequently and severe in the northeast and south of the territory. The Portuguese 

Environment Agency (APA) through the monitoring of water bodies is responsible to 

evaluate the hydrological drought. The monthly evolution of reservoir storage levels, 

precipitation and runoff and their comparison with historical series allow to determine if 

there is hydrological drought (APA, 2018a). This data analysis is performed 

automatically by the APA, based on records from hydro meteorological networks of 

SNIRH – National Water Resources Information System. The SNIRH is an extremely 

important element for the control of existing water availability, and therefore can be used 

to evaluate the efficiency of planning and management initiatives. Simultaneously, it is 

an important source of hydrologic data currently available to any interested entity or the 

general public (APA, 2019). 

The socioeconomic and environmental impacts of droughts are associated with the 

combined effect of natural and social impacts that result in water shortages due to the 

imbalance between demand and supply of water resources. More specifically, they 

represents the imbalance between natural rainfall, the climate system and human 

socioeconomic activities. Socioeconomic drought occurs when the decrease in water 

availability is so severe that it has negative consequences on people and economic 

activities, that is, on the society in general (APA, 2018a). 

Droughts are quite frequent in mainland Portugal and generally result in serious 

consequences for agriculture and livestock, water resources and well-being of populations 

(APA, 2019). However, with regard to surface and groundwater availability as well as to 

potential and actual evapotranspiration in the country, consideration must be given to 

their spatial and temporal variability, because drought events may occur at different times 

and in different locations (APA, 2018a). It is also known for continental Portugal that 

severe and extreme droughts have a payback period of 10–15 years, last for 1 to 3 years 

and affect an important area of the country (Figure 1.3) (INE, 2011). 
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Figure 1. 3 - Territorial extent of weather drought in hydrological year 2017/2018 (% of mainland 

Portugal by PDSI index class) Source: IPMA, 2019. 

b) Floods 

Global water crises are not limited to droughts, but also include floods. Flooding is 

one of the most commonly occurring weather-related disasters, affecting billions of 

people worldwide. The Organisation for Economic Cooperation and Development 

(OECD) estimates that the number of people and the value of assets at risk from floods 

will be significantly higher in 2050, compared to present time. Furthermore, the 

increasing frequency and severity of extreme weather events continue to place additional 

pressure on water supplies worldwide (OECD, 2012; UNESCO, 2019; UNISDR, 2015). 

The nature of disastrous floods has also changed in recent years, with flash floods, 

acute riverine and coastal flooding becoming increasingly frequent. In addition, 

urbanization has significantly increased flood runoffs, while recurrent flooding of 

agricultural land has taken a heavy toll in terms of lost production and food shortages 

(OECD, 2016; UNISDR, 2015). 

The knowledge on the most significant floods and their impacts on human health, the 

environment, economic activities and heritage allows a set of measures that will lead to 

the reduction of the harmful consequences of flooding. Reducing the impacts or 

consequences will reduce the risk associated with flooding (APA, 2019). 

Floods are the most common natural disasters that occur every year in Europe and 

account for the highest number of casualties and economic damage (APA, 2018b; 

Raadgever et al., 2014). In Portugal, floods are the second natural event that causes great 

damage or loss of life (EM-DAT, 2018). Since the 1990s, following severe floods in 

Portugal the Ministry of Environment has taken steps to reduce the vulnerability of 
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populations, infrastructure and the environment to these extreme events. These 

hydrological and hydraulic studies have identified the affected areas (APA, 2019). 

Subsequently, the European Floods Directive (Directive 2007/60/EC) came to support 

the previous work done on flood prevention by the Portuguese administration, allowing 

significant benefits for vulnerability reduction. This directive has been transposed into 

the Portuguese Decree-Law no. 115/2010 of October 22 and aims to assess and manage 

flood risks to reduce the consequences associated with floods that are detrimental to 

human health (human loss), the environment, cultural heritage (infrastructure) and 

economic activities (EC, 2018). To accomplish its goal the Floods Directive requires that 

European Union member states engage in a three-stage characterization of their 

territories, structured in six-year cycles. In the 1st cycle of the Flood Risk Management 

Plans, 23 critical flood risk zones have been identified in mainland Portugal. These areas 

are located in all Hydrographic Regions (RH) except the Guadiana (RH 7). Six of these 

zones are located in rivers with international river basins and 16 in national rivers. After 

the critical flood risk zones were identified, the Portuguese Environmental Agency 

elaborated flood risk maps of the 1st cycle. The methodology used was based on historical 

hydro meteorological data stored in the SNIRH System, on the current land use and 

occupation and on the historical records of damage. Floodplain maps are associated with 

return periods of 20, 100 and 1000 years, and it is possible to identify the extent of flooded 

zones as well as the reached heights and water velocities. 

In order to achieve the objectives stated in the Floods Directive and Decree-Law no. 

115/2010, the critical zones have been defined, the flood risk and flood risk maps were 

drawn up, and finally the Flood Rich Management Plans (PGRI) were developed for each 

Hydrographic Region. These PGRI define the technically and economically feasible 

actions that enable risk reduction to be achieved by reducing the potentially harmful 

consequences for human health, economic activities, cultural heritage and the 

environment.  

In 2018, the Preliminary Flood Risk Assessment (APRI) was reviewed, the first phase 

of each Directive's implementation cycle, with the collection and characterization of flood 

events recorded in Portugal Continental, with the support and collaboration of the City 

Councils, through the Intermunicipal Communities. APRI consists of identifying sites 

considered to be subject to significant risks associated with flood events. In this process, 
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all entities that make up the National Commission for Flood Risk Management - CNGRI 

(involved in Decree-Law No. 115/2010, of 22 October) were involved. After the public 

consultation process on the APRI, there was a significant participation by the 

Municipalities and citizens, with a lesser expression of some NGOs and Universities. 

After the analysis of the contributions, an update of the APRI was carried out, which led 

to the identification of 63 Significant Potential Flood Risk Areas (ARPSI) in mainland 

Portugal, including areas subject to flood risk of fluvial, pluvial, coastal origin (APA, 

2019). These 63 areas comprise the 23 critical flood risk zones and 40 other less 

significant areas, with no data and maps available so far. Flood risk management aims to 

establish measures to prevent floods and reduce the catastrophic effects they cause (APA, 

2019). 

The proposed measures have been organized into type and program of measures in 

order to act on the consequences of flooding and thereby achieve the objective of reducing 

the risk associated with flooding. The largest number of measures correspond to structural 

measures (Figure 1.4), such as dams and small retention basins, and represent the largest 

proposed investment (APA, 2018a). 

 

Figure 1. 4 - Type of measures aiming at preventing floods and reducing the catastrophic 

effects they cause. Source: APA, 2019. 
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1.4.5.1. Wildfires 

According to Moriondo et al. (2011), the largest increase in temperature is expected to 

take place in the summer, when extremely hot days and heat waves will increase 

substantially, especially in inland and southern Mediterranean locations. Therefore, it is 

likely that extreme wildfires will become more and more frequent in the course of climate 

change as unusually high temperatures and droughts contribute to the increasing number  

of outbreaks (UNISDR, 2015). 

The Portuguese territory is periodically hit by wildfires that, in addition to the huge 

economic losses they cause, also contribute to the loss of biodiversity and degradation of 

ecosystems. These fires are generally more intense when the weather conditions and the 

hydrologic droughts in the country are more severe (APA, 2019). The national 

organizations in charge of monitoring rural fires are the aforementioned IPMA and the 

Institute for Conservation of Nature and Forests (ICNF). The risk of rural fire is assessed 

by the Daily Severity Index (DSR), calculated from the Fire Weather Index (FWI), which 

aims to describe the difficulty of controlling a rural fire, being directly associated with 

the effort required for its suppression (IPMA, 2019; NRC, 2019). 

Data from 2008 to 2017 show that an average of 21,926 rural fires occurred per year, 

corresponding, in average, to 140,620 hectares of burned areas, of which 63,860 hectares 

(45%) were forest stands, 67,662 hectares (48%) were natural forests and pastures and 

9,098 hectares (7%) were agricultural areas (APA, 2019). With the aim to increase forest 

resilience to wildfires and to reduce the incidence of forest fires, the National Forest 

Strategy was implemented in line with the National Forest Fire Protection Plan. 

1.5. Mitigation strategies 

In the attempt to adapt to climate change and extreme events that often originate from 

them, such as water-related events (droughts and floods) or climate-related events (forest 

fires), there is the need to define strategies for mitigation. A possible solution to all these 

concerns may come from Rainwater Harvesting (RWH) at the watershed scale. Rainwater 

can be used for the benefit of humans in an attempt to depress all these threats. 

Rainwater harvesting occurs through the collection and storage of rainwater, either in 

soil or in man-made dams, tanks or containers. The consequences of using RWH include 
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the increase of water productivity by mitigating temporal and spatial variability of 

rainfall, an improvement of water retention in the landscape, enabling management and 

use of water for multiple purposes (Kahinda et al., 2008, 2007; Rockström and Barron, 

2007; UNEP, 2009). In addition, RWH has numerous economic, environmental and 

social advantages. Water quality is one of the major concerns that comes in large part 

from the anthropogenic pressures of today's world. Rainwater allows for improved water 

quality as it has few negative environmental impacts compared to other technologies for 

water resource development. This is a relatively clean source of water and the quality is 

usually acceptable for many purposes with little or no treatment at all. The physical and 

chemical properties of rainwater are generally superior to groundwater sources as they 

may have been contaminated by contact with groundwater, rocks and minerals. Therefore, 

RWH can decrease the chance of water quality deterioration due to excessive pumping of 

groundwater resources and reduce the need to exploit questionable quality water sources 

(Lawson et al., 2009). Its purity makes it an attractive source of water for certain 

industries where the use of pure water is a requirement (UNEP, 2014).  

As previously mentioned, how climate change can trigger an increase in the occurrence 

of extreme events. These events will negatively influence the amount of freshwater 

available to both humans and natural ecosystems. Thus, rainwater harvesting should be 

seen as a key intervention in mitigating and adapting to climate change (Sanches 

Fernandes et al., 2015; UNEP, 2009). In the face of natural disasters such as floods, it is 

possible to use RWH through flood retention basins. By constructing small flood 

retention basins built in accordance with municipal storm water control regulations, it is 

possible to control large flood events and store this rainwater for later controlled release 

as a complement to natural flow (Scholz and Sadowski, 2009; UNEP, 2009). In addition 

to natural disasters, soil-sealing resulting from human occupation also contributes to 

increased urban flooding. These circumstances lead to decreased rainwater infiltration, 

reduced groundwater recharge and increased runoff. In turn, this increases the likelihood 

and vastness of flooding, and the frequency of untreated discharges into the receiving 

environment, from the drainage systems. Rainwater harvesting in the urban environment 

can contribute to minimize these problems (Sanches Fernandes et al., 2015).  

Agriculture is the sector where more water is consumed and, consequently, it suffers 

the most in periods of drought. Application of rainwater harvesting in agriculture may 

contribute to minimize the drought impacts in this activity, because RWH ensure 
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improved water availability. From an economic standpoint, the resort to this 

complementary water resource can increase sustainable agricultural productivity and 

profitability but also enhance overall system-wide benefits, such as reduced downstream 

pollution (UNEP, 2014). 

In order to achieve more reliable results with rainwater harvesting, especially in 

agriculture applications, it is necessary to conceive and develop RWH allocation methods 

at the watershed scale. Rainwater harvesting in the context of a watershed means 

collecting runoff from within a catchment, storing it, and use the stored water for different 

purposes. Runoff collection is generally distinguished as in-situ when the water is 

collected within the harvesting area, and ex-situ when it is diverted from outside. As 

regards storage, in the in-situ RWH the soil acts as storage while in the ex-situ RWH the 

reservoir can be natural or artificial, where natural generally means groundwater recharge, 

and artificial means surface/subsurface tanks and small dams. Rainwater harvesting in a 

watershed context has a role and an impact on several aspects of ecosystems and human 

well-being (UNEP, 2014, 2009). 

When it comes to rainwater harvesting at the watershed scale, the Nature-Based 

Solutions (NBS) must be the first option. These NBS are extremely important because 

are able to provide sustainable solutions to mitigate water-related risk hazards and 

problems by improving water availability and water quality while simultaneously 

generating additional social, economic and environmental co-benefits. There is a 

particular need to explore opportunities for vulnerable urbanizing regions to employ NBS 

for water-related risk mitigation and enhanced climate resilience. Such exploration and 

employment require in turn improved spatial planning and management strategies that 

can drive the implementation and maintenance of effective solutions. It is then essential 

to understand barriers and opportunities for efficient NBS, the social embedding of best 

management practices for these, and policy and regulatory frameworks that can drive 

their implementation in collaboration with stakeholders (WWA, 2018). 

When the NBS are not feasible to realize, because stream flows are very high or 

catchment topography is craggy, then the implementation of structural measures such as 

large water storage infrastructures may become the necessary route to follow. The third 

option may derive from a combination of structural and NBS measures. For example, the 

size of large infrastructures can be reduced with benefits to the ecosystem, through 
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catchment reforestation and consequent runoff reduction and water quality 

improvements. In general, when both structural and NBS solutions are complemented, 

the final solution can result in significant cost savings and improved overall risk reduction 

(Kalantari et al., 2018; McVittie et al., 2018). 

1.6. Study aim 

The main objective of this thesis was to study ways of storing surface water. Under 

this background, and having an interest not only in the use of rainwater for certain 

purposes such as environmental, agricultural, forestry, but also for the control of natural 

disasters (floods and droughts), two lines develop that may seem different but in practice 

are nothing more than ways to store water in specific locations, but with completely 

different purposes. The lines of possible water storage tools are: a) Rainwater Harvesting 

(RWH), which are small infrastructures with the objective of storing water for agriculture; 

b) Flood Detention Basins (FDB), which may be small or large infrastructures with the 

purpose to control floods. In both cases it may happen that this type of infrastructure can 

complement each other from the point of view of optimizing the available water 

resources, being possible to use an RWH for flood control or vice versa. 

Taking into account all water-related problems described in the previous sections, we 

intended to develop an in-depth study and an assessment of the potential of rainwater 

harvesting and floodwater detention for multiple agro-forestry applications and flood 

control. Given the evidence that the problems of drought, floods, forest fires combat, 

among others, are recurrent, much due to climate change, it is essential to focus the study 

on the river basin scale. In the present work, the selected basins were the Ave River and 

Sabor River basins located in northern part of Portugal. To accomplish the goal, RWH 

allocation and flood detention methods will be developed and/or tested in the 

aforementioned basins that make it possible to plan the retention of rainwater in 

catchments, allowing the later use for the benefit of crop irrigation, forest fire fighting 

and mitigation of flood risk areas. In this regard, the RWH allocation methods will be 

embedded in decision support tools, such as Geographic Information Systems (GIS), and 

validated by univariate and multivariate analysis and advanced use of spreadsheets. 
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2.1. Abstract 

This study introduces an improved rainwater harvesting (RWH) suitability model to 

help the implementation of agro-forestry projects (irrigation, wildfire combat) in 

catchments. The model combines a planning workflow to define suitability of catchments 

based on physical, socio-economic and ecologic variables, with an allocation workflow 

to constrain suitable RWH sites as function of project specific features (e.g., distance 

from rainfall collection to application area). The planning workflow comprises a Multi 

Criteria Analysis (MCA) implemented on a Geographic Information System (GIS), 

whereas the allocation workflow is based on a multiple-parameter ranking analysis. When 

compared to other similar models, improvement comes with the flexible weights of MCA 

and the entire allocation workflow. The method is tested in a contaminated watershed (the 

Ave River basin) located in Portugal. The pilot project encompasses the irrigation of a 

400 ha crop land that consumes 2.69 Mm3 of water per year. The application of harvested 

water in the irrigation replaces the use of stream water with excessive anthropogenic 

nutrients that may raise nitrosamines in the food and accumulation in the food chain, with 

severe consequences to human health (cancer). The selected rainfall collection catchment 

is capable to harvest 12 Mm3.yr-1 (≈ 4.5 x the requirement) and is roughly 3 km far from 

the application area assuring crop irrigation by gravity flow with modest transport costs. 

The RWH system is an 8-meter high that can be built in earth with reduced costs. 

2.2. Introduction 

Rainwater harvesting (RWH) is the collective term for many interventions that use 

rainfall through collection and storage, either in soil or in manufactured dams, tanks or 

containers, bridging dry spells and droughts (UNEP, 2009). The consequences of using 

RWH include the rise of water productivity by mitigating temporal and spatial variability 

of rainfall, an improvement of water retention in the landscape, and an allowance to 

manage and use rainwater for basic human needs and other small-scale productive 

activities (Kahinda et al., 2008, 2007; Rockström and Barron, 2007). In areas with 

dispersed populations or where the costs of developing surface or groundwater resources 

are high, RWH and storage have proved to be an affordable and sustainable intervention 

(Mati et al., 2006). Examples of RWH applications are described in many papers, namely 

those related to the dimensioning of containers coupled with efficiency assessments, 

(Campisano and Modica, 2012; Imteaz et al., 2012, 2011; Palla et al., 2011; Luís F. 
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Sanches Fernandes et al., 2015) or with climate zoning and climate change analyses 

(Cheng and Liao, 2009; Mehrabadi et al., 2013; Palla et al., 2012; Youn et al., 2012); the 

study of small towns’ potential for rainwater storage in rooftops (Ghisi et al., 2006); the 

integration of RWH systems in rainfall–runoff models to assess their contribution for the 

attenuation of floods (Kim et al., 2012); the economical liability of RWH systems 

(Domènech and Saurí, 2011; Hashim et al., 2013; Rahman et al., 2012); the evaluation of 

RWH systems based on the water-energy nexus (Vieira et al., 2014); or the discussion of 

health problems related to the use of domestic RWH systems (Helmreich and Horn, 

2009). 

Recent classification schemes discriminate between in situ and ex situ rainwater 

harvesting (Ouessar et al., 2012). In the first case, the system uses the topsoil as storage 

medium, while in the second case it comprises a storage or retention component that is 

tapped for dislocated usage from the rainfall collection area. Among ex situ RWH 

systems, one can further distinguish between in-field RWH (IRWH), ex-field RWH 

(XRWH) and domestic RWH (DRWH) (Kahinda et al., 2008). DRWH systems collect 

water from rooftops, courtyards or other surfaces and store it manufactured reservoirs for 

domestic uses. The IRWH and XRWH systems are more frequently used in agro-forestry 

applications, namely crop irrigation or wildfire combat, with the complementary function 

as flood retention basins. In IRWH, the target area is inside the rainfall collection area, 

while in the XRWH is outside. The practice of field RWH is frequently concerned with 

the preservation of landscape aesthetics, sustainable drainage and best management 

practices. For that reason, the planning of field systems by water managers is likely to 

follow concepts and attend construction requirements of sustainable flood retention 

basins (Robinson et al., 2010a; Scholz, 2007; Scholz and Sadowski, 2009; Scholz and 

Yang, 2010a; Yang et al., 2011).  

The adherence to field RWH is low regardless of its promotion by non-governmental 

organisations, faith-based groups and networks. The IRWH is mostly practiced at 

household level in the backyards while the XRWH is rarely implemented (Kahinda et al., 

2008). The limited use of RWH relates to the scarce attention paid to social factors 

(Patrick, 1997; Rockstrom, 2000)and to a lack of scientifically verified information that 

can be used to indicate areas where rainwater harvesting can be applied (Mati et al., 2006). 

A list of factors commonly used to identify suitable RWH sites was published in FAO, 

(2003)and include climatic, hydrologic, topographic, agronomic, edaphic and socio-
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economic variables. A number of studies present methods for assessing the RWH 

suitability of a given area based on these variables (Mati et al., 2006; Mbilinyi et al., 2007; 

Mou et al., 1999; Patrick, 1997; Prinz et al., 1998; Senay and Verdin, 2004). Eventually, 

the most comprehensive model was brought into the scientific literature by the work 

group of Kahinda (Kahinda et al., 2008, 2009). However, in all cases the modelling has 

been restricted to production of suitability maps at catchment scale, without considering 

site or project specific constraints that are also crucial for installing a specific RWH 

device. An important site specific parameter is the distance from the rainfall collection 

area to the application area, which may influence water transport costs. A project specific 

constraint may be the height proposed for the RWH detention wall that influences 

building costs as well as landscape integration. Besides the lack of attention to site or 

project specific features, available models are usually based on Multi Criteria Analyses 

where fixed weights are assigned to the suitability parameters, which render these 

methods a limited flexibility. The main purpose of this paper is therefore to take a step 

forward and propose an updated algorithm, based on Kahinda’s model but incorporating 

site and project specific features as well as flexible weights. The proposed model will be 

tested in the Ave River basin using the irrigation of a large crop land as application 

project.  Freshwater quality in the Ave basin is generally poor due to excessive nutrient 

concentrations. Model testing in this watershed is justified because the excess of nutrients 

in surface water give rise to nitrosamines in the food and accumulation in the food chain, 

and hence rainwater emerges as alternative source for crop irrigation. 

2.3. Materials and Methods 

2.3.1. Study Area 

The hydrographic basin of Ave River, with an area of approximately 1391 km2, is 

located in the Northwest of Portugal (Figure 2.1). The basin headwaters, placed in the 

Cabreira mountains, rises up to 1 260 m, while the main water course is 101 km long from 

the spring to the mouth in the Atlantic coast (APA, 2012). The main tributaries are the 

Vizela River (drainage area: 342 Km2) and the Este River (drainage area: 247 Km2). 

Climate in the watershed is temperate. Summer and winter seasons are well defined, with 

summer temperatures ranging from 10ºC to 22ºC and winter counterparts from –3ºC to 

18º C. Average rainfall in the catchment approaches 1522 mm·yr–1(SNIRH, 2016). Soil 

coverage is rather monotonous, being represented by cambisols (FAO, 1991). The 2012 
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Corine Land Cover survey (DGTerritório, 2016) identified 41% of forests and shrubs, 

34% of farmlands, 14% of urban and industrial areas, 8% of natural or permanent 

pastures, and 3% of natural or semi-natural areas. Along the main water course, from the 

river source to Guimarães town, the stream banks are mostly occupied by agriculture. 

From this municipality downstream there is a marked change towards industrial activities, 

with a clear predominance by the textile industry. 

 

Figure 2. 1 The left-hand side portrays the location, digital elevation model and average precipitation 

contours (mm.y-1) of continental Portugal, as well as the location of Ave River basin in the north of this 

country. The right-hand side illustrates a blow up of Ave River basin where a list of items are 

represented: municipality limits and their population densities, drainage network with labels on main 

water courses (Ave River as well as Este and Vizela tributaries), areas occupied by agriculture and 

number of holdings in each municipality, and average nitrate contours in stream water. 

There is also a large number of industries in the markets of paper, leather, wood and 

cutlery, as well as several agricultural and livestock farms (APA, 2012). The 2011 

demographic census revealed an average density of 480.5 inhabitants·km–2 in the 

watershed (INE, 2016). The use of water resources is led by agriculture (68%), while the 

urban and industry sectors contribute with 24% and 7% to the entire consumption, 

respectively. The density of agricultural areas and holdings is portrayed in Figure 2.1. On 

average, irrigation consumes 6733 m3 of water per hectare per year. Irrigated fields are 

mostly represented by corn (39% of total irrigated area), meadows / forage (24%), 
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horticulture (13%), fruit trees, vine yards and olive groves (13%), and rice (5%) 

(DGADR, 2009). The most demanding crops are rice, horticulture, meadows / forage and 

citrus fruits, while the less demanding are the vine yards and the olive groves (INE, 2011). 

2.3.2. Framework model design 

The technology of RWH is low cost and highly decentralized empowering individuals 

and communities to manage their water (UNEP, 2009). In many watersheds and agro-

forestry applications, the damming solution resulting from the modeling efforts will be a 

true ex-field RWH system. In other cases, however, valley geomorphology, water 

consumption or other project constraints may imply the construction of a more engineered 

dam to store the required water volume, instead of a conventional RWH system. Because 

the boundary between these two end-member collection and storage techniques may be 

difficult to draw, the RWH terminology was adopted in this paper, and hence the term 

RWH was used to designate any field rainfall collection and storage system built in a 

section of a water course, regardless of its dimensions or related costs. The adoption of 

RWH terminology throughout the text emphasizes the priority one gives to the use of low 

cost rainfed irrigation or wildfire combat systems. 

The proposed installation design of ex-field RWH systems to provide enough water 

for agro-forestry uses is illustrated in Figure 2.2. The model comprises the planning and 

allocation workflows. The planning workflow produces maps for a number of physical 

parameters, socio-economic indicators and ecological contexts assumed to be relevant for 

every agro-forestry application (Table 2.1). In all cases, the selection of parameters has 

been inspired in the work of Kahinda (Kahinda et al., 2009, 2008), with various 

adaptations. The physical parameters characterize the catchment for water availability 

and storage capacity, based on yearly rainfall volumes, runoff coefficients (curve 

number), soil texture classes and soil profile depths. The socio-economic indicators typify 

the catchment for potential demand on irrigation / wildfire combat water, considering the 

spatial distribution of land use, namely of farmlands and forest stands, as well as of 

population density not discarding the quality of available surface water (e.g., expressed 

as COD and BOD5). Finally, the ecologic contexts typify the catchment for the 

vulnerability to hazardous events recurrently affecting farming and forestry activities, 

such as wildfire risk, as well as for the basin interception with legally protected areas 

(e.g., natural parks) where effective RWH systems are particularly necessary given the 
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ecologic sensitivity of these areas. A thorough inspection of Table 2.1 exposes the indirect 

accounting of relevant composite parameters. An example of indirect accounting is 

erodibility, because the prime factors affecting hydric erosion (e.g., rainfall, soil 

characteristics, terrain slope or land cover; (Wischmeier and Smith, 1978) belong to the 

selection of parameters depicted in Table 2.1. The consideration of erodibility is 

important because in some areas where the risk of water erosion is high, the storage 

behind the dam can be totally filled up with sediment deposition in a few years. The 

consequences may be dramatic in areas where land use disrespects land capability, which 

are said to be in environmental land use conflict, because soil losses in these areas are 

significantly amplified (Pacheco et al., 2014; Valle Junior et al., 2014). Geology may also 

affect erosion rates, because of differences in erodibility among rock types (for example 

hard rocks differentiate from lose sedimentary sequences). The role of geology can be 

especially noted in large river basins, because these catchments can be shaped on a 

diversity of lithologic units. In small catchments, however, the inventory of rock types is 

necessarily much smaller moving the role of geology to a secondary plan. Because the 

present model is focused on small catchments, it has been decided not to include geology 

in the list of physical parameters. 

 

Figure 2. 2 - Rainwater harvesting (RWH) suitability model, comprising the planning and allocation 

workflows. Details on the model are provided in the text. 

The produced maps are combined in a MCA to generate a suitability map for the RWH 

installation. At this stage, the weighting of parameters frequently operated in MCA 
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models is not implemented, because weights may differ according to the specific 

application. For that reason, the suitability map produced at the planning stage is called 

generic suitability map, where all parameters have the same weight: w = 1. Having 

finished the planning workflow, one executes the allocation workflow to select a best 

place to install the RWH system. The first step towards accomplishing this task is to 

define the agro-forestry application and its fundamental settings: geographic location, 

spatial incidence (a, ha), rainfall collection catchment and specific water requirements (v, 

m3.ha-1.yr-1), which set up the project’s water demand (V0 = v x a, m3.yr-1). At this point, 

the weights of physical, socioeconomic and ecological variables are adjusted to the 

application specificities, while the MCA is rerun to update the generic suitability map 

into a project-oriented version. In a second step, one seeks for sub-catchments within the 

rainfall collection catchment potentially capable of feeding the RWH system with V0 

every year. This search is based on engineering formulae, which set up a relationship 

between V0 and sub-catchment area (A0). Sub-catchments with area A ≥ A0 are considered 

potentially competent, but competence needs to be validated. Validation is attained by 

comparison of V0 with long-term river flows (V = Q x A, where Q is the subcatchment 

mean river flow usually expressed in mm.yr-1 and obtained from stream flow records). In 

case V ≥ V0, the subcatchment is considered competent. In a third step, potentially capable 

sub-catchments are characterized for suitability based on the project-oriented map, as well 

as for site or project specific constraints also influencing the selection of a best sub-

catchment for installing the RWH system. Regardless the application, an important site 

specific constraint is the distance from the subcatchment outlet to the application area, 

because it influences water transport costs. The dimension of a RWH system is a common 

project constraint because it influences building costs as well as landscape integration. In 

the last step, a ranking analysis is performed based on the scores of suitability, V0 and 

site/project specific features, the result of which identifies the best subcatchment for 

installing the RWH system. 

2.3.3. Model development 

The planning workflow portrayed in Figure 2.2 is developed by Multi Criteria 

Analyses (MCA) implemented in a Geographic Information System (GIS), as illustrated 

in Figure 2.3. For a comprehensive review on MCA, readers may consult Malczewski, 

(1999). The coupling of MCA with a Geographic Information System (GIS) is referred 

to as spatial MCA. The groundwork of a spatial MCA involves the execution of five tasks 
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(Ferretti, 2011; Valle Junior et al., 2014; Renato F. Valle Junior et al., 2015): (a) Raw 

data acquisition. Explicative factors and Boolean constraints (in short called attributes) 

are defined and scored, and then a thematic map is drawn to illustrate the spatial 

distribution of attribute scores; (b) Normalization. To become comparable, attributes are 

recast to a common scale; (c) Weighting. Considering the contribution to the study goal, 

explicative factors are given a comparative importance (weight); (d) Aggregation. A 

global suitability index based on weighted factors and Boolean constraints is computed 

for each point in the target region using an aggregation rule; (e) Sensitivity analysis. This 

task is frequently used to overcome the ambiguity of factor weighting. 

Table 2. 1 - Parameterization of Multi Criteria Analysis (MCA): explicative factors, assembled 

by groups and divided into classes with predefined suitability scores; Boolean constraints, 

scored as “no data”; weights of factors and groups of factors (values inside brackets), as 

adopted in the project-oriented MCA. 

Attribute Class number Measurement Unit Score RWH Suitability 

Physical parameters (3) 

Rainfall (1) 1 mm.yr–1 0 – 100 1 

 2  100 – 200 2 

 3  200 – 400 5 
 4  400 – 600 4 
 5  600 – 800 3 

 6  800 – 1000 3 

 7  > 1000 1 

Curve Number (1) 1 Dimensionless 0 – 20 5 

 2  20 – 40 4 

 3  40 – 60 3 

 4  60 – 80 2 

 5  80 – 100 1 

Soil Texture (1) 1 % clay 0 –6 1 

 2  6.1 – 15 4 

 3  15.1 – 25 5 

Soil Depth (1) 1 m > 0.75 5 

 2  0.4 – 0.75 4 

 3  0.3 – 0.4 3 

 4  0.2 – 0.3 2 

 5  < 0.2 1 

Socio–economic indicators (5) 

Population Density (3) 1 inhabitants.ha–1 0.065524 – 0.216527 1 

 2  0.216528 – 0.882593 2 

 3  0.882594 – 3.820569 3 

 4  3.820570 – 16.779809 4 

 5  16.779810 – 73.942251 5 
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Agriculture Areas (5) 1 Dimensionless Annual Crop 5 

 2  Pastures 4 

 3  Permanent Crops 3 

 4  Heterogeneous 1 

 5  Other No Data 

Water Quality (1) 1 mg.L–1 (BOD) <1 5 

 2  1 – 1.8 4 

 3  1.8 – 2.6 3 

 4  2.6 – 3.4 2 

 5  > 3.4 1 

 1 mg.L–1 (COD) <2.4 5 

 2  2.4 – 11 4 

 3  11.0 – 13.0 3 

 4  13.0 – 21. 0 2 

 5  > 21 1 

Ecological contexts (1) 

Wildfire Risk (1) 1 Dimensionless Low 1 

 2  Low–moderate 2 

 3  Moderate 3 

 4  High 4 

 5  Very High 5 

 6  Urban NoData 

 7  Hidrography NoData 

Protected Areas (1) 1 Dimensionless Outside 1 

 2  Inside 5 

Stream Banks (1) 1 Dimensionless Outside 1 

 2  Inside 5 

Terrain Slope (1) 1 % 0 – 5% 5 

 2  5% – 10% 4 

 3  10% – 15% 3 

 4  15% – 30% 2 

 5  > 30% 1 

The inventory of attributes for the current MCA is summarized in Table 2.1. It 

comprises the physical parameters, socio-economic indicators and ecological contexts 

assumed to be relevant in agro-forestry applications, already defined in Section 2.3.2. 

Among the attributes, Table 2.1 discriminates explicative factors (scored attributes) from 

Boolean constraints (“no data” attributes, corresponding to regions where the MCA 

model will not be applied). Explicative factors are divided into numeric (e.g., rainfall) 

and qualitative (e.g., crop types) classes and then classes are given normalized scores 

raging from 1 to 5. The highest scores are given to classes more suited to the installation 

of a RWH system and the lowest scores to classes less suited for that purpose. For 
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example, thicker soils (depth > 0.75 m) are more capable to store rainwater than thinner 

soils (depth < 0.2 m), the reason why a score 5 is given to the larger and a score 1 to the 

smaller depths. The overall capability is set by a suitability index calculated by the 

following aggregation rule: 
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where superscripts f and g represent specific factors (e.g., rainfall) or groups of factors 

(e.g., the physical parameters), respectively,
ijF ,
is the normalized score of factor j in group 

i, f

j
w  and 

g

i
w are the weights of factor j and group i, kC  is the Boolean score of constraint 

k, which is set to 1 if regions are to be included in the analysis and 0 otherwise, and finally 

m, p and q, in that order, are the number of groups (3, representing the sets of physical, 

socio-economic and ecologic variables), factors (4 for the physical parameters, 3 for the 

socio-economic indicators and 4 for the ecological contexts) and constraints (related to 

class 5 of factor “Agricultural areas” and to classes 6 and 7 of factor “Wildfire risk”). At 

the planning stage, which means before the definition of an area for the installation of a 

RWH device in a watershed, the values of f

j
w  and 

g

i
w  are set to 1 because there is no a 

priori reason to raise or drop the importance of a particular factor or group of factors. At 

the succeeding allocation stage, f

j
w  and 

g

i
w  are optimized for the specific project. 
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Figure 2. 3 - Flowchart describing the spatial Multi Criteria algorithm embedded in the RWH suitability 

model (Figure 2.2). 

The application area and associated water demand (V0) for an agro-forestry project are 

defined by the project’s promoter or by a water resources planner. Having defined a 

representative value for V0, promoters or planners will use the allocation workflow 

(Figure 2.2) to define a rainfall collection catchment located upstream the application area 

and a set of sub-catchments with area ≥ A0 capable of delivering V0 to that area. The 

combination of V0 and A0 into a common equation, so the value of A0 can be estimated on 

the basis of a pre-defined V0, has been proposed by the so-called Dutch method recently 

used in a study of flood control (Bellu et al., 2016b). The Dutch method relates V0 (m
3) 

with A0 (ha) as follows: 

𝑉0 = (−
𝑏×𝑞𝑠

1+𝑏
) × (

60×𝑞𝑠

𝑎×(1+𝑏)
)

1

𝑏
× 𝐶 × 𝐴0 × 10   (2.2a) 

where 𝑎 and 𝑏 are constants appearing in Intensity-Duration-Frequency (IDF) curves 

(e.g., De Paola et al., 2014; Elsebaie, 2012), 𝑞𝑠 (mm/min) is the so-called specific 

discharge and 𝐶 (dimensionless) is the sub-catchment’s mean runoff coefficient. In 

keeping with the Dutch method, specific discharge is equated to: 
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𝑞𝑠 = 
6𝑞

𝐶×𝐴0
  (2.2b) 

where 𝑞 (m3/s) is the outflow rate allowed by the RWH system (ecological flow). 

Replacing Equation 2.2b in Equation 2.2a and rearranging, one arrives to the equation for 

calculating A0: 

𝐴0 =
1

𝐶
× (−

6𝑏×𝑞

1+𝑏
)
𝑏

× (
360𝑞

𝑎×(1+𝑏)
) × (

10

𝑉0
)
𝑏

                                                                     (2.3) 

As calculated by Equation 2.3, A0 is the minimum area a basin needs to cover so the 

storage volume V0 is delivered to the RWH system. There will be a number of these sub-

catchments distributed across the rainfall collection catchment. To select a best sub-

catchment, the promoter or planner will rank the potentially capable sub-catchments 

according to suitability based on the project-oriented map and to site or project specific 

features as discussed above. 

2.3.4. Database preparation 

The attribute and final suitability maps are prepared in the ArcMap computer program 

(ESRI, 2010), a well-known Geographic Information System (GIS). The use of GIS 

packages facilitates the processing, overlay and combination of multi scale and multi type 

spatial data, projected on a multitude of coordinate systems, the reason why became 

mandatory in thematic surveys or projects focused on collection and interpretation of field 

data. The option for ArcMap of ESRI company relates to the authors’ experience of using 

this program in numerous hydrologic, decision making and environmental applications 

(Pacheco et al., 2013; Pacheco and Van der Weijden, 2014a, 2014b, 2012a, 2012b; 

Sanches Fernandes et al., 2014, 2012, 2011; Santos et al., 2014; Valera et al., 2016). In 

total, the number of attributes to be used as input data for the Multi Criteria Analyses 

(MCA) is 12 (Table 2.1). The required geographical and alphanumeric data were 

downloaded from a number of institutional databases, described in Table 2.2 along with 

the purpose of their use in the MCA model. The table also contains references to data 

ownership and to the institutional website’s Uniform Resource Locator. The spatial data 

for all explicative factors but COD and BOD5 could be downloaded from the holder’s 

website as polygon shapefiles or raster files. The vector maps were converted to raster 

format and the raster files processed in a Map Algebra tool of ArcMap to produce the 

final suitability maps. For COD and BOD5 the spatial data could be downloaded as point 
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shapefiles. In these cases, variables were interpolated within the Ave River basin using 

the Topo to Raster tool of ArcMap, prior to be processed in the Map Algebra tool. 

Table 2. 2 - Summary of datasets used in the Multi Criteria Analyses (MCA). The purpose of MCA is to 

plan best locations for the installation of sustainable rainwater harvesting (RWH) systems in rural 

watersheds. The table columns include references to data types, uses in the MCA. data ownership and 

Internet availability. Websites were assessed in July 2016. Symbol description (institution 

names in Portuguese): APA – Agência Portuguesa do Ambiente; SNIRH – Sistema Nacional de 

Informação em Recursos Hídricos; DGT – Direção Geral do Território; INE – Instituto 

Nacional de Estatística; ICNF – Instituto da Conservação da Natureza e das Florestas. 

Variable Description Unit Use Owner 

institution 

(Name or 

acronym) 

URL of internet website 

Rainfall Long–term rainfall 
contours 

mm·yr–1 Physical 
explicative factor 

APA https://www.apambiente.pt 

Curve 

Number 
(CN) 

Empirical parameter used 

in hydrology for 
predicting direct runoff or 

infiltration from rainfall 

excess 

dimensionless Ditto SNIRH http://geo.snirh.pt/AtlasAgua/ 

Soil 

Texture 

Percentage of clay in the 

topsoil 

% Ditto European 

Soil 

Portal 

http://eusoils.jrc.ec.europa.eu/ 

Soil Depth Total soil depth. 

calculated by adding the 

thicknesses of topsoil and 
subsoil horizons 

m Ditto European 

Soil 

Portal 

http://eusoils.jrc.ec.europa.eu/ 

Population 

Density 

Population Density  inhabitants·ha–1 Socio–economic 

explicative factor 

DGT 

INE 

http://www.dgterritorio.pt/ 

http://censos.ine.pt/ 

Agriculture 

Areas 

Area occupied by 

agriculture. obtained from 

a CORINE Land Cover 
map 

m2 Ditto DGT http://www.dgterritorio.pt/ 

Water 

Quality 

Average concentration of 

chemical (COD) and 
biochemical (BOD5) 

oxygen demands in 

surface water 

mg·L–1 Ditto SNIRH http://snirh.apambiente.pt/ 

Wildfire 
Risk 

Wildfire risk estimated by 
a multi–criteria analysis 

involving biophysical and 

socio–economic 
parameters: cover 

vegetation, hillside slope 

and aspect, road network 
and population density 

dimensionless Ecological 
explicative factor 

ICNF http://www.icnf.pt/ 

Protected 
Areas  

Legally protected areas, 
by Portuguese and 

European legislation 

dimensionless Ditto ICNF http://www.icnf.pt/ 

Stream 
Banks 

Water lines obtained from 
analysis of a Digital 

Elevation Model 

dimensionless Ditto DGT http://www.dgterritorio.pt/  

Terrain 
Slope 

Hillside slopes obtained 
from analysis of a Digital 

Elevation Model (DEM) 

%   DGT http://www.dgterritorio.pt/ 
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2.4. Results and discussion 

2.4.1. Hydrographic basin and irrigation project selected to test the framework 

model 

The current case is only an application of the proposed model. The planning and 

allocation workflows were tested with an irrigation project that comprises an arable land 

located in the margins of Este River along the administrative limit of Barcelos and Vila 

Nova de Famalicão municipalities (Figure 2.1). This is the largest portion of arable land 

in the Ave River basin, being located in a region where the occupation by agriculture is 

intense, both in extension of agricultural areas and density of farmlands, and population 

density range from moderate (Barcelos, with 318 inhabitants.km–2) to above the basin 

average (Vila Nova de Famalicão, with 664 inhabitants.km–2). Because of anthropogenic 

pressures, stream water quality in this region is poor, for example expressed as high 

nitrate concentrations (≈20 mg.L-1; Figure 2.1). The contamination of water bodies by 

effluents of urban, industrial and agricultural origin (nitrates, phosphorus, BOD5, 

ammoniacal nitrogen), as well as the pollution by heavy metals, both in surface water and 

groundwater, is indicated as problem to solve in the current management plan of Ave 

River basin (PGRH2, 2011). Among possible solutions, it is indicated the search for 

alternative abstractions that assure the various uses, namely the agricultural use. 

Harvested rainwater is a likely alternative, the reason why one has selected the Ave River 

basin as study area and the aforementioned arable land as project site.  

2.4.2. Outcomes from the planning and allocation workflows 

The spatial distribution of explicative factors is displayed in Figure 2.4 while the 

generic suitability map is portrayed in Figure 2.5a. The maximum range of generic 

suitability is from 12 to 60 (Table 2.1). In the Ave River basin the range is from 16 to 43, 

not far from the maximum.  
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Figure 2. 4 - Spatial distribution of suitability attributes, used in the planning workflow of Figure 2.2. 

The basin is therefore heterogeneous as regards RWH suitability. The most capable 

areas are located in the upper sub-catchments where suitability is generally above the 

average. In this study, rainwater is harvested and used for crop irrigation. For that reason, 

the socio-economic indicators are given the largest comparative weight (5), followed by 
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the physical parameters (3) and the ecological contexts (1). The explicative factors of 

socio-economic group are also given specific weights, with privilege to the agricultural 

areas (5) and population density (3). The remaining variables keep the generic weight of 

1. With these weights, the project-oriented suitability map ranges from 66 to 330 (Table 

2.1) while in the Ave River basin the interval is 86–271 (Figure 2.5b).  

 

Figure 2. 5 - RWH suitability maps as determined from the unity (a – generic map) and project-dependent 

(b – project-oriented map) weights used in the spatial Multi Criteria Analyses (Figure 2.3). 
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The application area is a crop land covering approximately 400 ha (Figure 2.6a). The 

rainfall collection catchment is also indicated in this figure. The volume of water required 

to irrigate a hectare of crop land in one year is on average v = 6730 m3.ha-1.yr-1 (INE, 

2011). To irrigate the entire crop land (a = 400 ha) with harvested rainwater, the volume 

to harvest is therefore V0 = v x a = 2,692,000 m3.yr.-1. In order to discharge V0, rainfall 

collection sub-catchments need to drain an area larger than A0 = 277.6 ha (cf. Eq. (2.3)), 

if parameter C is set to 0.7 (the average runoff coefficient of Ave River basin; Figure 

2.4b), parameters a and b are set to appropriate regional values (a = 297.44; b = -0.588; 

(Matos and Silva, 1986) and parameter q (the ecologic flow) is arbitrarily set to 0.01 m3.s-

1 (315,360 m3.yr-1, approximately 12% of the total harvested water). Using the ArcHydro 

software (ESRI, 2012), a watershed delineation tool embedded in ArcMap (ESRI, 2010), 

six potential sub-catchments with A ≥ A0 were identified. They are illustrated in Figure 

2.6b. Suitability in these sub-catchments varies from 153 to 177 (Table 2.3, column 2), 

with the largest score being assigned to sub-catchment 5. Long-term stream flow contours 

available at the SNIRH website (URL in Table 2.2) and plotted in Figure 2.6a enable the 

calculation of annual discharges in the subcatchments that vary from 1.97 to 12.07 

Mm3.yr-1.  

 

Figure 2. 6 - Allocation map indicating: (a) the rainfall collection area and the application area 

(irrigation project); (b) the best suited sub-catchment to install a rainwater harvesting site. 

So, although the rainfall zoning embedded in parameters a and b of Eq. (2.3) defined 

the six sub-catchments as potentially capable of providing enough rainwater (2.69 

Mm3.yr-1) to the irrigation project, three sub-catchments (2, 4 and 5, with discharges V = 
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2.68 Mm3.yr-1, V = 2.07 Mm3.yr-1 and V = 1.97 m3.yr-1, respectively; Table 2.3, column 

4) can only supply 99, 75 and 78% of that resource.  

Table 2. 3 - Results of ranking analysis. According to it, the sub-catchment best suited to install a RWH 

system in the target catchment is sub-catchment 6 because it has been assigned the highest overall rating 

(sum of ratings = 19). 

Sub-

catchment 

Project-

oriented 

suitability 

Score 

Long-

term 

stream 

flow 

(m3.yr–1) 

Score 

Distance 

from the 

basin outlet 

to the target 

area 

centroids 

(m) 

Score 

Dam 

wall 

height 

(m) 

Score 

Sum 

of 

scores 

Ranking 

1 162 4 7631319 5 8148 1 12 4 14 3 

2 163 5 2687025 3 8146 2 18 2 12 4 

3 153 1 4186645 4 5296 3 14 3 11 5 

4 157 3 2069005 2 5287 4 24 1 10 6 

5 177 6 1973356 1 3089 5 6 6 18 2 

6 157 2 12071781 6 3048 6 8 5 19 1 

Regardless the full or partial capability to irrigate the target area, the cost of water 

transport, mostly related to the settlement and maintenance of water conduits and 

associated hydraulic infra-structures, is considerably different when the harvested 

rainwater is sourced from sub-catchments 5 or 6 or from sub-catchments 1 or 2, because 

the distances from the catchment outlets to the application area’s centroid are also 

considerably different: approximately 3 km in the first case and 8.1 km in the second case 

(Table 2.3, column 6). In addition to transport costs, the installation of a RWH system 

upstream the application area requires the prior assessment to building costs, which are 

strongly influenced by local topography. A morphologic characterization of all 

potentially capable subcatchments, using the ArcHydro software, provided values for the 

minimum height a dam wall needs to rise above the ground so the harvested rainwater 

(i.e., V0) can be stored. These values are depicted in column 8 of Table 2.3 and range from 

6 (subcatchment 5) to 24 m (sub-catchment 4). In the first case, the height is relatively 

small and hence the dam wall can eventually be built in earth with reduced costs. In the 

second case, the most appropriate but also more expensive solution is probably a concrete 

wall. Besides the costs, landscape integration of a 6-meter high dam is certainly much 

easier than the integration of a 24-meter high dam. 

A thorough inspection of Table 2.3 exposes different rankings of potentially capable 

sub-catchments, depending on the evaluation parameter. For example, it shows sub-

catchment 5 ranked as ‘‘best” for parameters ‘‘Project-oriented suitability” or ‘‘Dam wall 
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height” (score 6; columns 3 and 9) and ‘‘worse” for parameter ‘‘Long-term stream flow” 

(score 1, column 5). However, an aggregated score defined as the sum of individual scores 

identifies sub-catchment 6 as the best among all sub-catchments (score 19, column 10). 

Based on this aggregated score, sub-catchment 6 is selected as best suited (rank 1, column 

11) to install the RWH system in the rainfall collection area and irrigate the crop land 

area. 

2.4.3. Suitability analysis 

The success of a RWH system depends largely on the identification of suitable sites, 

besides technical design issues (Al-Adamat et al., 2012). Suitability attributes in early 

studies (Gupta et al., 1997; Padmavathy et al., 1993; Prinz et al., 1998) were primarily 

biophysical, while from 2000 onwards socio-economic parameters were assembled with 

biophysical criteria (de Winnaar et al., 2007; Kahinda et al., 2008; Senay and Verdin, 

2004; Yusof et al., 2000), especially in studies dealing with integrated watershed 

management (Gregersen et al., 2007) where the development and management of water 

are linked to economic and social welfare. It is worth recalling that biophysical criteria 

are similar for all types of RWH framework models, but no similar consensus has been 

reached for the use of socio-economic criteria in RWH techniques (Adham et al., 2016a). 

Kahinda et al. (2008) as well as several other authors incorporated socio-economic factors 

in their models, but failed to evaluate local features (e.g., distance from rainfall collection 

area to application area) that are also important to consider when selecting sites to install 

RWH systems. That was an improvement built-in the present study. Besides the socio-

economic question, our approach differs from others as regards the weighting of 

evaluation attributes. For example, Kahinda et al. (2008) assigned specific weights to the 

different attributes, thus enhancing the importance of some parameters in detriment of 

others, while in the present study evaluation attributes were not ranked in advance but 

only when the irrigation project was defined, an option that renders flexibility to the 

weighting task enabling its close adjustment to the project specificities. In this context, it 

is worth noting that socio-economic factors were given a high importance in this study 

because the proposed project meant the irrigation of a large arable land located near some 

towns. In case the project’s objective was to install a RWH system in a watershed to 

improve wildfire combat capability, the ecological factors would have been given a higher 

weight as to enhance the importance of protecting biodiversity conservation areas. As 

noted in Ammar et al. (2016), the most suited method for application in a particular case 
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is highly dependent on the main objectives and needs of the project, besides the quality 

and availability of the data. We have followed this guidance.  

The generic suitability map (Figure 2.5a) shows an increase of RWH suitability in the 

upstream direction. The credit of large weights to socio-economic parameters changed 

the suitability pattern to a distribution based on land uses, population density and water 

quality, that raised suitability scores at the central area (Figure 2.5b). Rainfall collection 

areas in the most suited sectors of Figure 2.5b may not be areas of highest rainwater 

availability, but are the most suited areas since they are located around potential 

application areas (suburban arable lands). The actual rainfall collection area (blue 

boundary in Figure 2.5b is located in a sector of the basin with high project-oriented 

suitability scores. The existence of extremely suited sub-catchments around the basin 

headwaters in the generic map (Figure 2.5a) could be used as argument to propose 

alternative rainfall collection areas in the upper sectors of the basin. Although extremely 

suited, these rainfall collection areas are in most cases hydrographically disconnected 

from the application area and hence the harvested water cannot be delivered to the 

application area by gravity flow. This can be a real setback because water transport costs 

related to lift stations and their maintenance probably swamps eventual rainwater capacity 

benefits. For that reason, this alternative was not considered in this study. In the long-

term, considering expected rainfall declines associated to climate change or the increase 

of water consumption related to irrigation area enlargements, the use of highly suited 

rainfall collection areas, regardless of its location, can however become a valid 

alternative, even a priority. 

In case the location of an irrigation project is set free, the generic map can be used to 

define the site. This is where the map can be used as genuine planning instrument. The 

map is also helpful to select among alternative pre-defined locations, in which case the 

RWH sites with higher suitability are preferred over the ones with lower suitability. There 

are, however, cases where the agroforestry project is required to be installed on a specific 

application area, despite the local RWH suitability, like in the present study. In these 

cases, suitability becomes one amid other factors used to select a best rainfall collection 

area among potentially suited sub-catchments especially those with possibility to deliver 

irrigation water through gravity flow. The other factors are depicted in Table 2.3. Taken 

altogether (last column), these factors ranked subcatchment 6 as best suited one to install 

the RWH system (see location in Figure 2.6b), mostly because of its irrigation capacity 
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(V = 12,071,781 m3.yr-1, ≈4.5 x V0), short distance to the application area (≈3 km) and 

low dam wall height (8 m). Paradoxically, this sub-catchment has been given the second 

lowest score as regards suitability. The comparative low score assigned to suitability 

demonstrates the overwhelming importance of local features, not accounted for in other 

studies or models. Some subcatchments failed to guarantee the irrigation requirements 

(V0 - = 2,692,000 m3.yr-1), namely sub-catchments 2 (V = 2,687,025 m3.yr-1), 4 (V = 

2,069,005 m3.yr-1) and 5 (V = 1,973,356 m3.yr-1). For these basins, the potential capacity 

set up by climatologically patterns (Eq. (2a)) did not hold. An important characteristic of 

subcatchment 6, besides being the most suited basin (Table 2.3), relies on its RWH site 

topography that allows for the construction of a detention system with a modest height (8 

m). According to Scholz, (2007), such an engineered structure fits well on the natural 

landscape with passive control, it is usually constructed with standard animal passage, it 

is generally partly dry and partly wet during the hydrologic year, and it is subject to 

occasional flooding. This is an important outcome, because the proposed RWH system 

can be viewed as sustainable detention basin, apart from fully accomplishing its prime 

goal, which is irrigation. To keep sustainability in the long term, the proposed RWH 

system must be designed in a way to have the minimum impact on the natural condition 

and even restore the implemented area (environmental friendly). This may be 

accomplished through preservation or restoring of natural vegetation cover in the rainfall 

collection area, namely of forests. Although trees ‘consume’ rainfall, they also safe-guard 

and generate many ecosystem services for livelihoods and economic good (UNEP, 2009).  

Overall, the coupling of a planning workflow and an allocation workflow allowed the 

selection of a site to install a rainwater harvesting system in a contaminated watershed, 

to be used as water resource in a project aiming the irrigation of a large arable land. The 

use of harvested rainwater in this case was viewed as alternative better source, when 

compared with contaminated stream water or groundwater. An official diagnosis on the 

quality of Ave River water masses (PGRH2, 2011), refers as weak points in SWOT 

(Strenghts, Weaknesses, Opportunities e Threats) analysis, (a) the reduced percentage of 

water masses fulfilling the WFD (water framework directive) environmental objectives, 

which is below 50%; (b) the high nitrogen and phosphorus loads, being related to 

agriculture but especially to urban effluents; (c) The low level treatment of wastewaters 

in many plants, which is not enough to be considered appropriate; amid other alerts. 

Among the initiatives proposed to improve water quality in the Ave, the PGRH2 
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diagnostic report includes (a) measures to control the inflow of rainwater into wastewater 

drainage networks as well as the outflow of poorly treated wastewaters into natural water 

masses; (b) actions to improve the efficiency or to rehabilitate obsolete wastewater 

treatment plants; (c) the implementation of self-monitoring programs and enhanced 

monitoring of wastewater discharges from treatment facilities, with priority for those 

serving a population of 10,000 inhabitants or more, in particular those discharging into 

sensitive areas. In total, these initiatives are expected to bring stream and groundwater 

masses to a good chemical status as to assure the various uses. In complement to these 

measures, the irrigation of arable lands with good quality water can be accomplished 

through implementation of field rainwater harvesting, as highlighted in this study. In fact, 

the designed rainwater harvesting system has a multi-purpose objective allowing a more 

sustainable management. The improvement of water quality either for irrigation, or even 

for water supply to populations, will be reflected on the improvement of health conditions 

for the residents. Besides, it will drastically reduce the problem of nitrosamines in 

irrigation or in drinking water (where N-nitrosodimethylamine (NDMA) is the most 

frequently detected member of this family, with a notorious accumulation in the food 

chain), and hence rainwater emerges as alternative source for crop irrigation or for 

sophisticated water treatment plants (Nawrocki and Andrzejewski, 2011). 

2.5. Conclusions 

The rainwater harvesting (RWH) suitability model introduced in this paper adds novel 

components and operating settings to existing algorithms, namely the allocation 

workflow and the flexible weights used in the Multi Criteria Analysis (MCA). The 

allocation workflow enables the adjustment of RWH site locations to local features, 

namely the distance from rainfall collection areas and application areas, an element not 

accounted for in former models. The flexible weights assure that site selection attributes 

are given different importance depending on the proposed application. Overall, the 

suitability model described in this study comprises two modules, called planning 

workflow and allocation workflow, both implemented in a Geographic Information 

System (GIS). The first module scores various physical, socio-economic and ecologic 

variables and, after normalization to a common scale, aggregates the standardized ratings 

into a global suitability index. This process is handled by the aforementioned technique 

of GIS-MCA. At this stage the MCA weights are set to unity, because all variables are 

considered equally important. Before running the second module, an application project 
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is defined and characterized, namely for water demand and weighting of site selection 

attributes. The second module recasts the global index according to the new project-

dependent weights, and complements the site selection attributes with the aforesaid local 

features. In this study, we tested the RWH suitability model with an agriculture project 

involving the irrigation of a large arable land located in a pre-defined sector of a 

contaminated watershed (the Ave River basin, located in Portugal). Threats to human 

health related to the use of contaminated water in crop irrigation (e.g. accumulation of 

nitrosamines in the food chain, which increases the risk of various types of cancer) 

triggered the choice of this application. The results obtained for the studied watershed 

highlighted the importance of local features when the application areas are pre-defined, 

because the best rainfall collection catchment to install the RWH device was not the most 

suited but the one closer to the irrigation area and capable of integrating a low height (just 

8 m-high) dam wall. Overall, the study outcomes are promising, because they can assist 

politicians and water planners in their quest for good quality water to be used in 

agriculture. In this context, it is worth recalling that the use of harvested rainwater in 

agriculture has been a prognostic in the latest watershed management report focused on 

the Ave River basin. 
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3.1. Abstract 

Rainwater harvesting (RWH) is used to support small-scale agriculture and handle 

seasonal water availability, especially in regions where populations are scattered or the 

costs to develop surface or groundwater resources are high. However, questions may arise 

as whether this technique can support larger-scale irrigation projects and in complement 

help the struggle against wildfires in agro-forested watersheds. The issue is relevant 

because harvested rainwater in catchments is usually accumulated in small-capacity 

reservoirs created by small-height dams. In this study, a RWH site allocation method was 

improved from a previous model, by introducing the dam wall height as evaluation 

parameter. The studied watershed (Sabor River basin) is mostly located in the Northeast 

of Portugal. This is a rural watershed where agriculture and forestry uses are dominant 

and where ecologically relevant regions (e.g., Montesinho Natural Park) need to be 

protected from wildfires. The study aimed at ranking 384 rainfall collection sub-

catchments as regards installation of RWH sites for crop irrigation and forest fire combat. 

The height parameter was set to 3 m because this value is a reference to detention basins 

that hold sustainability values (e.g., landscape integration, environmental protection), but 

the irrigation capacity under these settings was smaller than 10 ha in 50% of cases, while 

continuous arable lands in the Sabor basin cover on average 222 ha. Besides, the number 

of sub-catchments capable to irrigate the average arable land was solely 7. When the dam 

wall height increased to 6 and 12 m, the irrigation capacity increased to 46 and 124 

subcatchments, respectively, meaning that more engineered dams may not always ensure 

all sustainability values but warrant much better storage. The limiting parameter was the 

dam wall height because 217 sub-catchments were found to drain enough water for 

irrigation and capable to store it if proper dam wall heights were used. 

3.2. Introduction 

The access to clean and potable water is a fundamental human right. Water is essential 

for all life forms and a foundation for the socio-economic development, being used in 

many different ways such as in the agricultural, domestic, industrial, power generation 

and recreation uses. It is also a fundamental part of the ecosystem on which reproduction 

of biodiversity depends (FAO, 2003; Sivanappan, 2006). Rainwater is the most directly 

accessible water supply source. Rainwater harvesting (RWH) comprises the collection, 

treatment and storage of rainwater for future use, as either principal or supplementary 
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water source (Fewkes, 2006). Rainwater can be stored in the soil or behind manufactured 

dams, as well as in tanks or containers, for productive use like drinking water, water for 

livestock and for irrigation. It can also be redirected to recharge aquifers (Isioye et al., 

2012). This method of water storage has a long history and has been used by ancient 

civilizations worldwide to support agriculture and to cope with seasonal water availability 

(Fewkes, 2006; UNEP, 2014). The mitigation of rainfall variability in time and space 

plays a central role in rainwater harvesting, but other advantages can also be mentioned 

such as improvement of water retention in the landscape, the low-cost provision of water 

for basic human needs and other small-scale productive activities, or the decentralized 

control of storm water runoff (Bellu et al., 2016b; Kahinda et al., 2008, 2007; Mesbah et 

al., 2016; Palla et al., 2011, 2012; Rockström and Barron, 2007). Besides the operational 

advantages, RWH and storage is an accessible option in areas with dispersed populations 

or where the exploration costs of other water resources are high (Mati et al., 2006).  

There is an ample variety of rainwater harvesting techniques, while the choice for a 

specific solution greatly depends on the application (UNEP, 2014). Agro-forestry uses 

often resort to the so-called field RWH where the rainfall collection area is a watershed. 

Field systems can distinguish between in-field RWH (IRWH) or ex-field RWH (XRWH) 

variants (Kahinda et al., 2008). IRWH systems have the target area inside and XRWH 

outside the rainfall collection watershed. The practice of field RWH (both IRWH and 

XRWH) is frequently concerned with ecological sustainability values, namely through 

the aesthetic landscape enhancement, sustainable drainage and environmental protection 

(Kahinda et al., 2008; Kahinda and Taigbenu, 2011; Terêncio et al., 2017a). Standing on 

this paradigm, water managers will tend to follow concepts and attend building 

requirements of sustainable flood retention basins in the conception and installation of 

field RWH systems (Robinson et al., 2010b; Scholz, 2007; Scholz and Sadowski, 2009; 

Scholz and Yang, 2010a; Yang et al., 2011). The question to pose is if these systems are 

capable to store enough water when a fixed volume of this resource is required to supply 

the application, for example the irrigation of a crop area with pre-defined dimension. A 

common building restriction of field RWH systems is the dam wall height. To naturally 

or easily cope with the aforementioned ecological sustainability values, dam wall heights 

must not exceed ≈3 m (Yang et al., 2011). In general, the harvested rainwater stored in 

the reservoir created by a 3 m-high wall is limited and may not fully accomplish the 

irrigation requirements. Thus, the balance between ecological sustainability and storage 
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capacity requires that suitability models of field RWH systems use the dam wall height 

as application constraint. It is worth mentioning that installation of more engineered dams 

may become essential for development of an irrigation project, but they should preserve 

sustainability values anyway. In these cases, the design and construction guidelines of a 

dam should cope with this condition.  

The Food and Agriculture Organization has published a list of factors commonly used 

inmodels to identify proper RWH sites, which includes climatic, hydrological, 

topographical, agronomic, edaphic and socioeconomic variables (FAO, 2003). This list 

is a reference but cannot be used universally because specific factors are meant to 

predefined purposes. For example, if the purpose is to find sites to supply rainfed 

agriculture (present case), factors like distance from rainfall collection and application 

areas or the aforementioned dam wall height are very important. But if the intention is to 

improve groundwater recharge, then site selection factors must include topographic, 

altimetric or geologic indicators (F.A.L. Pacheco et al., 2015; Pacheco and Van der 

Weijden, 2014a, 2014b). In the last decades, a number of techniques have been developed 

to assess site suitability based on specific variables (Mati et al., 2006; Mbilinyi et al., 

2007; Mou et al., 1999; Patrick, 1997; Prinz et al., 1998; Senay and Verdin, 2004; 

Terêncio et al., 2017a). Kahinda et al., (2008, 2009)developed a GIS-based 

comprehensive model, which combines physical, ecological and socioeconomic 

attributes, to assess the suitability of a given area to field RWH in South Africa. Although 

fairly complete, the Kahinda model does not consider constraints such as dam wall height. 

Recently, Terêncio et al. (2017) incorporated the dam wall height as variable in a site 

allocation model, but as output from the modeling run instead of a predefined constraint. 

Thus, the main purpose of this study is to generalize the use of dam wall height as 

evaluation parameter. To accomplish this goal, the following tasks need to be completed: 

(1) To apply the model by Terêncio et al. (2017) in a predefined watershed using specific 

irrigation settings (irrigation area, corresponding volume of harvested rainwater). This 

model distinguishes a planning workflow (focused on catchment characteristics) from an 

application workflow (focused on application constraints). In the end, a number of sub-

catchments are ranked according to their rainfed irrigation and wildfire combat 

suitability; (2) To use the dam wall height as predefined application constraint, assuming 

values between 3 and 12m; (3) To map storage capacity of RWH dam reservoirs based 

on the various heights, making the proper interpretation as regards irrigation competence; 
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(4) To map the dimension of irrigation projects in the studied watershed, capable of being 

supplied from a RWH system with 3 m-high dam wall. This task will be focused on 

rainfall collection sub-catchments unable to supply the predefined irrigation 

requirements; (5) To discuss the ecological impacts resulting from the installation of more 

engineered structures. The use of the dam wall height as iterative input parameter allowed 

exposing how low cost naturally sustainable dams compare with more costly and less 

sustainable structures as regards storage capacity and ecological impacts, an achievement 

not reported before to our best knowledge. 

3.3. Materials and methods 

3.3.1. Study area 

The Sabor River is an Iberian water course located in the Trás-os-Montes and Alto 

Douro (Portugal) and Castile-Leon (Spain) regions, being one of the most important 

tributaries of Douro River (Figure 3.1). The Sabor watershed drains an area of 

approximately 3297 km2, largely concentrated in the Portuguese territory (2742 km2) 

(APA and ARHNorte, 2012; Gaspar et al., 2016; Silva, 2010). The main water course 

runs from northeast to southwest along narrow beds and banks bordered by steep hillsides 

inmost of its catchment. The headwaters rise to an altitude of approximately 1600 m·a.s.l, 

being located in Zamora province (Spain). The river crosses the border in the area of the 

Montesinho Natural Park and flows along 120 km until it reaches the mouth in Torre de 

Moncorvo, at an altitude of 97 m (CIMPOR, 2017; Gaspar et al., 2015).  

Geology is characterized by alternating igneous and metamorphic rocks (Silva et al., 

1989), as well as strong local neotectonic activity (Gaspar et al., 2016; Pereira and 

Azevedo, 1995). The lithologic inventory is very diverse, comprising autochthonous and 

parautochthonous Palaeozoic metasediments (quartzites, phyllites), allochthonous mafic 

and ultramafic rocks (amphibolites, serpentinites, flaser gabbros), and Hercynian 

granites. Leptosols predominate in the entire Sabor river basin, namely the umbric 

leptosols (Agroconsultores e Coba, 1991; FAO, 2003). 

The Mediterranean climate prevails in the Sabor River watershed. Temperature (T) 

ranges from 1 °C in winter to 27.6 °C in summer (Gonçalves, 1985). Precipitation (P) 

approaches 730 mm·yr−1 (SNIRH, 2017), while potential evapotranspiration (ETP) 

reaches 718 mm·yr−1, ranging from 14 mm in January to 128 mm in July (APA and 
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ARHNorte, 2012). These data refer to the climatological norms of 1961–1990 (T) and 

1981–2010 (P, ETP), respectively. In general, precipitation increases towards the 

Northeast direction (Figure 3.1) following the increase in altitude (Nunes, 2015). The 

largest stream flows are concentrated in autumn and winter months. From July to 

September, the flows decrease substantially, even to zero in the driest years (APA and 

ARHNorte, 2012; Nunes, 2015).  

 

Figure 3. 1 - Location, topography, drainage network and precipitation contours in the vicinity of the 

study area (Sabor River basin, Portugal). 

The 2012 Corine Land Cover survey published by the European Environmental 

Agency (https://www.eea.europa.eu) identified 43.2% of forests and shrubs, 56.2% of 

agricultural areas, 0.46% of artificial surfaces, and 0.14% of water bodies. On average, 

irrigation of crop land consumes 6733 m3 of water per hectare per year (INE, 2011). The 

Sabor river basin crosses several municipalities of Trás-os-Montes and Alto Douro 

region, namely Bragança, Alfandega da Fé, Macedo de Cavaleiros, Miranda do Douro, 

Mogadouro, Vimioso and Torre de Moncorvo. However, the population density is not 

very high. The 2011 demographic census revealed an average density of 27 

inhabitants·km−2 within the Portuguese sector of Sabor River basin (INE, 2017).  
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A large area (≈40%; please see Figure 3.3 below) of Sabor River catchment is legally 

classified as Nature Network 2000, here represented by various Community Importance 

Sites (CIS), Protected Areas (PA) and Special Protection Zones (SPZ). In these sensitive 

areas, human activities should be adapted to cope with the protection of important habitats 

and species (ICNF, 2017). The Sabor Valley is further classified as Important Bird Area 

by Bird Life International (Melo et al., 2010). The Sabor River has recently (2013) been 

dammed near the mouth with the purpose of hydropower generation 

(http://snirh.apambiente.pt/). This dam affects the Nature Network Site called “Rios 

Sabor e Maçãs”, which has been classified as SCI and SPZ (PTZPE0037) under the Birds 

and Habitats Directives, because the site shelters various habitats as well as animal and 

plant species of Community interest. 

3.3.2. Framework model 

The framework model of Terêncio et al. (2017) is composed of two workflows: the 

planning workflow and the allocation workflow. This study makes no changes to the 

planning workflow but introduces a number of improvements to the allocation workflow. 

The next subsections comprise a brief description of both workflows, becoming more 

detailed where the allocation workflow was improved. 

3.3.2.1. Planning workflow 

The planning workflow (Figure 3.2a) creates maps for a set of relevant physical 

parameters, socio-economic indicators and ecological contexts, as listed in Table 3.1. The 

physical parameters characterize the catchment for water resources availability and 

storage capacity, based on annual rainfall volumes, runoff coefficients (curve number), 

soil texture classes and soil profile depths. The socio-economic indicators set up the 

potential demand on water for irrigation, based on the spatial distribution of land uses 

(e.g., crop lands) and population density, while depicting the quality of available surface 

water (e.g., expressed as Chemical Oxygen Demand – COD – and Biochemical Oxygen 

Demand – BOD5). The ecologic contexts describe the catchment's vulnerability to hazards 

that can affect agro-forestry uses, such as wildfires (expressed as wildfire risk) or soil 

erosion (expressed as terrain slope), and characterize the watershed for sensitive areas 

such as stream banks or legally protected regions (e.g., natural parks). The obtained maps 

are combined in a so-called non-weighted Multi Criteria Analysis (MCA) to produce a 
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generic suitability map for the installation of RWH infrastructures. The weighting of 

parameters frequently operated in MCA models is not implemented at this stage, because 

weights may differ according to the application. 

 

Figure 3. 2 - Rainwater harvesting (RWH) suitability model, comprising the planning and allocation 

workflows. The details on the model are provided in the text. Adapted from Terêncio et al. (2017). b – 

Flowchart describing the spatial Multi Criteria algorithm embed in the RWH suitability model (Figure 

2a). Adapted from Terêncio et al. (2017). 

3.3.2.2. Allocation workflow 

Having finished the planning workflow, one executes the allocation workflow (Figure 

3.2a) to identify the best places to install RWH systems in the studied watershed. In the 
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Terêncio et al.'s (2017) version of this algorithm, the first step towards accomplishing this 

task was to define a specific irrigation project and its fundamental settings: geographic 

location, spatial incidence (i.e., area to be irrigated – a, ha), rainfall collection catchment 

and specific water requirements (v, m3·ha−1·yr−1), which set up the project's water demand 

(V0 = v × a, m3·yr−1). In the improved algorithm (present study), the analysis is extended 

to all potentially irrigated areas (arable land) with a spatial incidence wider than a 

predefined threshold (e.g., a ≥ average arable land area). Put another way, while the 

Terêncio et al. (2017) work produced a suitability map for an entire watershed but an 

allocation map for a single site (the project area), the present work generates suitability 

and allocation maps for the entire studied area generalizing the previous work. The value 

of v is not changed because Terêncio et al. (2017) adopted an average water requirement, 

applicable as proxy to any type of crop. An additional improvement to the allocation 

workflow was the planning of forestry uses (e.g., wildfire combat) in compliment to the 

irrigation use. The basic idea was to define rainfall collection sites based on the irrigation 

requirements and then see how these sites cope with the forestry use.  

Having defined a potential use for harvested rainwater, the weights of physical, socio-

economic and ecological variables are adjusted to the application specificities, assuming 

values between 1 and 5 (Table 3.1). In case the application is irrigation (as in Terêncio et 

al., 2017) then the weights of socio-economic parameters (e.g., Agriculture areas) and 

some of their indicators (e.g., Annual crops) are maximized (equated to 5) to ensure 

proximity between these areas and the optimal RWH sites. If otherwise the intended use 

is forestry, then the maximized variables are the ecological contexts as whole and some 

of their indicators (e.g., wildfire risk). Subsequently to the weighting, the MCA 

algorithms rerun to update the generic suitability map into an application-oriented 

version. 

Table 3. 1 - Parameterization of Multi Criteria Analysis (MCA): explicative factors, assembled by groups 

and divided into classes with predefined suitability scores; Boolean constraints, scored as “no data”; 

weights of factors and groups of factors (values inside brackets), as adopted in the agricultural 

application MCA. 

Attribute Class number Measurement Unit Score RWH Suitability 

Physical parameters (3) 

Rainfall (1) 1 mm.yr–1 0 – 100 1 

 2  100 – 200 2 

 3  200 – 400 5 

 4  400 – 600 4 

 5  600 – 800 3 
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 6  800 – 1000 3 

 7  > 1000 1 

Curve Number (1) 1 Dimensionless 0 – 20 5 

 2  20 – 40 4 

 3  40 – 60 3 

 4  60 – 80 2 

 5  80 – 100 1 

Soil Texture (1) 1 % clay 0 –6 1 

 2  6.1 – 15 4 

 3  15.1 – 25 5 

Soil Depth (1) 1 m > 0.75 5 

 2  0.4 – 0.75 4 

 3  0.3 – 0.4 3 

 4  0.2 – 0.3 2 

 5  < 0.2 1 

Socio–economic indicators (5) 

Population Density (3) 1 inhabitants.ha–1 0.065524 – 0.216527 1 

 2  0.216528 – 0.882593 2 

 3  0.882594 – 3.820569 3 

 4  3.820570 – 16.779809 4 

 5  16.779810 – 73.942251 5 

Agriculture Areas (5) 1 Dimensionless Annual Crop 5 

 2  Pastures 4 

 3  Permanent Crops 3 

 4  Heterogeneous 1 

 5  Other No Data 

Water Quality (1) 1 mg.L–1 (BOD) <1 5 

 2  1 – 1.8 4 

 3  1.8 – 2.6 3 

 4  2.6 – 3.4 2 

 5  > 3.4 1 

 1 mg.L–1 (COD) <2.4 5 

 2  2.4 – 11 4 

 3  11.0 – 13.0 3 

 4  13.0 – 21. 0 2 

 5  > 21 1 

Ecological contexts (1) 

Wildfire Risk (1) 1 Dimensionless Low 1 

 2  Low–moderate 2 

 3  Moderate 3 

 4  High 4 

 5  Very High 5 

 6  Urban NoData 

 7  Hydrography NoData 
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Protected Areas (1) 1 Dimensionless Outside 1 

 2  Inside 5 

Stream Banks (1) 1 Dimensionless Outside 1 

 2  Inside 5 

Terrain Slope (1) 1 % 0 – 5% 5 

 2  5% – 10% 4 

 3  10% – 15% 3 

 4  15% – 30% 2 

 5  > 30% 1 

Besides defining the application-oriented suitability, the allocation workflow seeks for 

all sub-catchments within the studied watershed potentially capable of feeding the RWH 

systems with V0 every year. This search is based on engineering formulae, which set up 

a relationship between V0 and sub-catchment area (A0). Sub-catchments with area A ≥ A0 

are considered potentially competent. Validation of competence is attained by 

comparison of V0 with long-term river flows (Vd= Q × A, where Q is the sub-catchment 

mean river flow usually expressed in mm·yr−1 and obtained from streamflow records). In 

case Vd ≥ V0, the sub-catchment is considered competent. A last improvement to the 

allocation workflow is related to changes in the so called ranking analysis. This step ranks 

the scores of suitability, Q and two application constraints. These partial ranks vary 

between 1 and m, where m is the number of sub-catchments. For variables suitability and 

Q the ranks increase proportionally to the variable scores. For the application constraints, 

a detailed explanation is provided below. The overall rank is the sum of partial ranks. The 

first application constraint is the distance from the sub-catchment outlet to the application 

area (D), because it influences water transport costs. The second constraint is the dam 

wall height (H) because it influences building costs, landscape integration and storage 

capacity. In the Terêncio et al. (2017) work, the application workflow ranked the 

potentially capable subcatchments according D by assigning higher scores to shorter 

distances. In that work, the application area had a precise location inside the studied 

watershed and the suited rainfall collection sub-catchments were all candidates to irrigate 

that area. In the present study, application areas are distributed all over the watershed 

while rainfall collection sub-catchments can irrigate by gravity flow a number of n areas 

located downstream. The larger the n the larger is the sub-catchment rank, because larger 

n values may reduce water transportation costs via scale economy effects. In order to 

account for the combined influence of D and n scores in water transportation costs, the 

allocation workflow in this study replaced D by a normalized D, equated to Dn = D / n 

(m). In this context, potentially capable sub-catchments that are close to numerous 
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application areas will be given the highest Dn ranks. The rationale behind Dn holds for the 

use of RWH systems in agriculture, because economic sustainability of these systems is 

favored through crop irrigation by gravity flow. For the use in wildfire combat, the D 

parameter is adequate (regardless the altitude relationship between rainfall collection and 

application areas), if assuming that water for fire extinction is mostly thrown from 

airplanes. In the Terêncio et al. (2017) work, the value of H represented the minimum 

dam wall height required to store V0 in the RWH system. Put another way, H was a model 

output in that study. In the present work, the dam wall height changed from output to 

input assuming predefined values: 3 m, 6 m and 12 m. The first value represents a low-

cost infrastructure that can be easily integrated in the landscape. Besides, the ecological 

disturbance in and around the dam and the associate lake is expected minimal. When a 

network of these structures is distributed across the watershed, it can create a pleasant 

green mosaic landscape, but the overall storage capacity will be small. The higher H 

values represent progressively larger-cost infrastructures with poorer integration ability 

and potentially large ecological implications, but that can store larger volumes of water. 

To handle the balance between building costs/landscape integration and storage capacity, 

the H ratio has been defined, which replaced the H value of Terêncio et al. (2017) in this 

study. The H ratio is calculated for each predefined dam wall height as the quotient 

between the volume of harvested water stored behind the dam wall (Vs) and the volume 

required for irrigation (V0). The RWH sites with H = Vs / V0 ≥ 1 are capable to supply all 

the required water, while sites with H < 1 are not. It is expected that green mosaic 

landscapes (network of RWH sites storing harvested rainwater behind a 3 m-high dam 

wall) comprise a large number of sites with H < 1. For those landscapes, the allocation 

workflow provides information on the maximum irrigable area.  

3.3.3. Model development 

The planning workflow is a spatial MCA to be operated by GIS software. The 

procedure involves the execution of five tasks (Siqueira et al., 2017; R. F. Valle Junior et 

al., 2015; Valle Junior et al., 2014): (a) Raw data acquisition. Explicative factors and 

Boolean constraints (in short called attributes) are defined and scored, and then a thematic 

map is drawn to illustrate the spatial distribution of attribute scores; (b) Normalization. 

To become comparable, attributes are recast to a common scale; (c) Weighting. 

Considering the contribution to the study goal, explicative factors are given a comparative 

importance (weight); (d) Aggregation. A global suitability index based on weighted 
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factors and Boolean constraints is computed for each point in the target region using an 

aggregation rule; (e) Sensitivity analysis. This task is frequently used to overcome the 

ambiguity of factor weighting.  

The inventory of attributes for the current MCA is summarized in Table 3.1. It 

comprises the physical parameters, socio-economic indicators and ecological contexts 

described in Section 3.3.2. The explicative factors encompass the scored attributes while 

the Boolean constraints are depicted as “no data” in Table 3.1 and refer to regions where 

the MCA model will not be applied. Explicative factors may be numeric (e.g., curve 

numbers) or qualitative (e.g., crop types) classes. Regardless the case, classes are given 

normalized ratings that vary from1 to 5. Ratings are proportional to RWH suitability. The 

overall suitability index is calculated by the following aggregation rule: 
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where superscripts f and g represent specific factors (e.g., Population Density) or 

groups of factors (e.g., the Socio–economic indicators), respectively, F j i , is the 

normalized score of factor j in group i, wf
j and wg

i are the weights of factor j and group i, 

C k is the Boolean score of constraint k, which is set to 1 if regions are to be included in 

the analysis and 0 otherwise, and finally m, p and q, in that order, are the number of groups 

(3, representing the sets of physical, socio-economic and ecologic variables), factors (4 

for the physical parameters, 3 for the socio-economic indicators and 4 for the ecological 

contexts) and constraints (related to class 5 of factor “Agricultural areas” and to classes 

6 and 7 of factor “Wildfire risk”). At the planning stage, which means before setting up 

an application for the RWH systems, the values of wf
j and wg

i are equated to 1 because 

there is no a priori reason to raise or drop the importance of a particular factor or group 

of factors. At the succeeding allocation stage, wf
j and wg

i are optimized for the specific 

application.  

The spatial incidence (A0) and associated water demand (V0) for irrigation  

use are defined by the water resources planner. Having defined a representative value 

for both variables, planners will use the allocation workflow (Figure 3.2a) to delineate 

rainfall collection catchments with A ≥ A0 capable of delivering V0 to application areas. 

The combination of V0 and A0 into a common equation, so the value of A0 can be estimated 
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on the basis of a pre-defined V0, has been proposed by the so-called Dutch method and 

used by Terêncio et al. (2017) to develop the allocation workflow. The Dutch method 

relates V0 (m
3) with A0 (ha) as follows: 

𝑉0 = (−
𝑏×𝑞𝑠

1+𝑏
) × (

60×𝑞𝑠

𝑎×(1+𝑏)
)

1

𝑏
× 𝐶 × 𝐴0 × 10   (3.2a) 

where are constants appearing in Intensity-Duration-Frequency (IDF) curves (e.g., De 

Paola et al., 2014; Elsebaie, 2012), qs (mm/min) is the so-called specific discharge and C 

(dimensionless) is the sub-catchment's mean runoff coefficient. In keeping with the Dutch 

method, specific discharge is equated to: 

𝑞𝑠 = 
6𝑞

𝐶×𝐴0
           (3.2b) 

where (m3 /s) is the outflow rate allowed by the RWH system (ecological flow). 

Replacing Equation 3.2b in Equation 3.2a and rearranging, one arrives to the equation for 

calculating A0: 

𝐴0 =
1

𝐶
× (−

6𝑏×𝑞

1+𝑏
)
𝑏

× (
360𝑞

𝑎×(1+𝑏)
) × (

10

𝑉0
)
𝑏

  (3.3) 

As calculated by Eq. (3), A0 is the minimum area a basin needs to cover so the storage 

volume V0 is delivered to the RWH system. There will be a number of these sub-

catchments distributed across the studied watershed. To select a best sub-catchment, the 

planner will rank the potentially capable sub-catchments according to suitability based on 

the project-oriented map and to application constraints as discussed above.  

3.3.4. Database preparation 

The attribute and final suitability maps are prepared in the ArcMap version 10 

computer program (ESRI, 2010), a well-known GIS. The use of GIS packages facilitates 

the processing, overlay and combination of multi scale and multi type spatial data, 

projected on a multitude of coordinate systems, the reason why became mandatory in 

thematic surveys or projects focused on collection and interpretation of spatial data 

(Fonseca et al., 2016; Pacheco et al., 2013, 2014; F.A.L. Pacheco et al., 2015; Pacheco 

and Van der Weijden, 2012a, 2012b; Sanches Fernandes et al., 2012; L.F. Sanches 

Fernandes et al., 2015; Santos et al., 2014). In total, the number of attributes to be used 
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as input data for the spatial MCA is 12 (Table 3.1). The required geographical and 

alphanumeric data were downloaded from a number of institutional databases, described 

in Table 3.2 along with the purpose of their use in the MCA model. The table also contains 

references to data ownership and to the institutional website's Uniform Resource Locator. 

The spatial data for all explicative factors but chemical oxygen demand (COD) and 

biochemical oxygen demand (BOD5) could be downloaded from the holder's website as 

polygon shapefiles or raster files. The vector maps were converted to raster format and 

the raster files processed in a Map Algebra tool of ArcMap for normalization (task b of 

MCA) and production of suitability maps. For COD and BOD5 the spatial data could be 

downloaded as point shapefiles. In these cases, variables were interpolated within the 

Sabor River basin using the Topo to Raster tool of ArcMap, prior to be processed in the 

Map Algebra tool. 

Table 3. 2 - Parameterization of Multi Criteria Analysis (MCA): explicative factors, assembled by groups 

and divided into classes with predefined suitability scores; Boolean constraints, scored as “no data”; 

weights of factors and groups of factors (values inside brackets), as adopted in the Forest application-

oriented MCA. 

Attribute Class number Measurement Unit Score RWH Suitability 

Physical parameters (3) 

Rainfall (1) 1 mm.yr–1 0 – 100 1 

 2  100 – 200 2 

 3  200 – 400 5 

 4  400 – 600 4 

 5  600 – 800 3 

 6  800 – 1000 3 

 7  > 1000 1 

Curve Number (1) 1 Dimensionless 0 – 20 5 

 2  20 – 40 4 

 3  40 – 60 3 

 4  60 – 80 2 

 5  80 – 100 1 

Soil Texture (1) 1 % clay 0 –6 1 

 2  6.1 – 15 4 

 3  15.1 – 25 5 

Soil Depth (1) 1 m > 0.75 5 

 2  0.4 – 0.75 4 

 3  0.3 – 0.4 3 

 4  0.2 – 0.3 2 

 5  < 0.2 1 

Socio–economic indicators (1) 

Population Density (1) 1 inhabitants.ha–1 0.065524 – 0.216527 1 
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 2  0.216528 – 0.882593 2 

 3  0.882594 – 3.820569 3 

 4  3.820570 – 16.779809 4 

 5  16.779810 – 73.942251 5 

Agriculture Areas (1) 1 Dimensionless Annual Crop 5 

 2  Pastures 4 

 3  Permanent Crops 3 

 4  Heterogeneous 1 

 5  Other No Data 

Water Quality (1) 1 mg.L–1 (BOD) <1 5 

 2  1 – 1.8 4 

 3  1.8 – 2.6 3 

 4  2.6 – 3.4 2 

 5  > 3.4 1 

 1 mg.L–1 (COD) <2.4 5 

 2  2.4 – 11 4 

 3  11.0 – 13.0 3 

 4  13.0 – 21. 0 2 

 5  > 21 1 

Ecological contexts (5) 

Wildfire Risk (5) 1 Dimensionless Low 1 

 2  Low–moderate 2 

 3  Moderate 3 

 4  High 4 

 5  Very High 5 

 6  Urban NoData 

 7  Hydrography NoData 

Protected Areas (5) 1 Dimensionless Outside 1 

 2  Inside 5 

Stream Banks (1) 1 Dimensionless Outside 1 

 2  Inside 5 

Terrain Slope (1) 1 % 0 – 5% 5 

 2  5% – 10% 4 

 3  10% – 15% 3 

 4  15% – 30% 2 

 5  > 30% 1 

3.4. Results 

3.4.1. Planning workflow 

In this study, the planning and allocation workflows were applied to the Sabor River 

basin considering two complementary uses for the harvested rainwater: agriculture and 

forestry. The basin was selected because of its rural occupation and ecological relevance. 
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Figure 3.3 highlights the predominance of arable land (3.3a) and forests (3.3b) in the 

watershed, besides bringing attention to the spatial incidence of legally protected sites 

and burned areas of last decade. 

 

Figure 3. 3 - Spatial incidence of arable land (3.3a), forests (3.3b), legally protected areas and burned 

areas (3.3a, 3.3b) in the Sabor River basin. 

The spatial distribution of RWH suitability factors is displayed in Figure 3.4 while the 

generic suitability map is portrayed in Figure 3.5a. The maximum range of generic 

suitability is 2–60 (Table 3.1). In the Sabor River basin the range is 18–50, not far from 

the maximum.  
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Figure 3. 4 - Spatial distribution of suitability attributes, used in the planning workflow of Figure 3.2a. 

The most capable areas are located in the upstream sub-catchments and near the stream 

banks where suitability is generally above the average. The application-oriented 

suitability maps are illustrated in Figure 3.5b,c. They were derived from application of 
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Eq. (3.1) to the suitability factors (Figure 3.4), considering the selected application 

weights (Table 3.1).  

 

Figure 3. 5 - RWH suitability maps as determined from the unity (a – generic map) and application-

dependent (b – irrigation; c – wildfire combat) weights used in the spatial Multi Criteria. 

For the planning of crop irrigation, the socio-economic indicators were given the 

largest comparative weight (5), followed by the physical parameters (3) and the ecological 

contexts (1). The socioeconomic attributes “agricultural areas” and “population density” 

were also qualified with large weights (5 and 3, respectively). The relative importance of 

socio-economic indicators and ecological contexts switched when the purpose was to help 

planning wildfire combat in the catchment. In this case, the ecological contexts received 

the largest weight (5), being followed by the physical parameters (3) and the socio-

economic indicators (1). Besides, the ecologically important attributes “wildfire risk” and 

“protected areas” were ascribed the weights 5 and 3, respectively. The remaining 

variables in both applications kept the generic weight w = 1. Suitability in Figure 3.5b 

ranges from 115 to 325 while in Figure 3.5c ranges from 82 to 360. In Figure 3.5c, it is 

clear the similarity among patterns of highly suitable areas and the limits of legally 

protected areas. This result highlights the prioritization given by the allocation workflow 

to the protection of ecologically relevant sites against fire. 
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3.4.2. Application settings 

The volume of water required to irrigate a hectare of crop land in one year is on average 

v = 6733 m3·ha−1·yr−1 (INE, 2011). In this study, the allocation workflow tested the 

possibility to irrigate crops with harvested rainwater assuming a spatial incidence a=222 

ha per irrigation project, where 222 ha is the average area of continuous arable land in the 

Sabor River. The volume to harvest each year is therefore V0 = v × a = 1,494,726 

m3·ha−1·yr−1. In order to discharge V0, rainfall collection sub-catchments need to drain an 

area larger than A0 = 314,48 ha (cf. Eq. (3.3), if parameter C is set to 0.7 (the average 

runoff coefficient of Sabor River basin; Figure 4b), parameters a and b are set to 

appropriate regional values (a = 338,48; b = −0.630; Matos and Silva, 1986) and 

parameter q (the ecologic flow) is arbitrarily set to 0.01 m3·s−1 (315,360 m3·yr−1, 

approximately 12% of the total harvested water). For these application settings, the 

number of potential rainfall collection sub-catchments is 384. These settings were 

transposed to the forestry use because this is considered by the allocation workflow a 

complementary use for harvested rainwater. On the other hand, it is difficult to define, 

and hence quantify, what are the water requirements for wildfire combat. The 384 

potential rainfall collection sub-catchments with A ≥ A0 were identified and drawn using 

the ArcHydro software (ESRI, 2012) a watershed delineation tool embedded in ArcMap 

(ESRI, 2010). The corresponding boundaries are illustrated in all maps of Figure 3.6. The 

average values of explicative factor in each sub-catchment are listed in the Supplementary 

material. 

3.4.3. Allocation workflow 

The suitability to use stored rainwater for crop irrigation varies from 150 to 260 (Figure 

3.6a.1), while for wildfire combat it varies from 153 to 316 (Figure 3.6a.2). Long-term 

stream flow contours downloaded from the SNIRH website (URL in Table 3.2) show that 

annual discharges in the sub-catchments range from Vd = 0.4–16.3 Mm3·yr−1 (Figure 

3.6b). So, although the rainfall zoning embedded in parameters a and b of Eq. (3.3) has 

defined 384 sub-catchments as potentially capable to sustain irrigation and wildfire 

compact applications with sufficient rainwater (i.e., V0 = 1.49 Mm3 yr−1), the cross 

validation of rainfall zoning with long term river flows reduced this number to 217 

competent sub-catchments (Vd > V0; 56.5%). The Dn ratio increases towards downstream, 

from16 m to 73 m (Figure 3.6c.1).When the arable land is relatively well distributed 
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across the watershed (present case; Figure 3.3a), the average distance (D) from a rainfall 

collection sub-catchment to the irrigation areas located downstream increases from the 

upland to the lowland sub-catchments. This is also true for the number (n) of crop land 

areas irrigable by that sub-catchment. If both increases were linear, the Dn ratio would 

stay relatively constant, but that is not the case (Figure 3.6d.1). The increase of D/n 

quotient towards downstream suggests a non-linear variation for D and n with higher 

increase rates ascribed to the nominator (D). The average distance from rainfall collection 

sub-catchments to forest stands ranges from 25.1 to 53.3 km (Figure 3.6c.2), increasing 

from the central towards the most peripheral sub-catchments, as expected for a watershed 

where the forested areas are also relatively well distributed. The capacity to store V0 in 

the RWH system(i.e., in the reservoir created behind the dam wall) was tested for three 

alternative dam wall heights: 3, 6 and 12 m. The capacity was indicated by the so-called 

H ratio defined previously as Vs /V0, where Vs is the reservoir's storage capacity. The 

ranges of H ratios are (Figure 3.6d.1–3): for 3 m wall – H = 0.0–2.1 (average 0.1); for 6 

m wall – H = 0.0–6.7 (average 0.2); for 12 m wall – H = 0.0–15.1 (average 0.6). For the 

3 m wall (Figure 3.6d.1), only 7 sub-catchments (1.8%) are fully capable to supply the 

water requirements, while for 6 m and 12 walls (Figure 3.6d.2 and d.3) the numbers rise 

to 46 (12.1%) and 124 (32.3%) sub-catchments, respectively. 

 

Figure 3. 6 - Spatial distribution of application-oriented suitability (3.6a), long-term stream flow (3.6b), 

and allocation parameters (3.6c, 3.6d), averaged within 384 sub-catchments. 
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The ranking of sub-catchments based on the application-oriented suitability and 

constraints “long-term stream flow”, “Dn ratio” (“distance” for the forest application) and 

“H ratio” are summarized in Figure 3.7. The discrete ranks of all 384 sub-catchments are 

listed in the Supplementary material considering the irrigation and wildfire applications 

as well as the three dam wall heights. As higher the rank as more capable is the sub-

catchment. The ranks are overlaid by line patterns where Q × A = Vd > V0 and (or) H = 

Vs/V0 > 1. It is clear that only a few sub-catchments are able to comply with the predefined 

irrigation requirements, especially when the use of a 3 m-high wall is considered. In order 

to investigate the irrigation capacity of 3 m-high RWH sites in the Sabor River basin, the 

allocation workflow calculated the maximum irrigable area of each rainfall collection 

sub-catchment. The results are illustrated in Figure 3.8a (spatial distribution) and 3.8b 

(histogram). The histogram reveals that 1/3 of potentially capable sub-catchments is 

competent to irrigate an area smaller than 5 ha and 1/2 and area smaller than 10 ha. The 

supply of irrigation projects with this kind of RWH site necessarily implies that farming 

activities in the catchment are carried out in keeping with the maximum allowance of 

water retention in the dam reservoir. This should be considered even more in a climate 

change context that predicts a reduction of the water available. Allowing activities to 

grow beyond this threshold inevitably leads to the construction of infrastructures with 

limited natural ecological sustainability. In these cases, sustainability can still be 

accomplished if design and construction guidelines pay attention to ecological values or 

the project attend other components of sustainability (e.g., social sustainability). In either 

case, they may become a social and economic necessity. 

3.5. Discussion 

3.5.1. Modeling results and comparison with previous studies  

The generic map (Figure 3.5a) shows an increase of RWH suitability in the upstream 

direction and at the headwaters of watercourses. This pattern changed to a relatively 

homogeneous distribution of suitable areas (Figure 3.5b) when irrigation was defined as 

application resulting in larger weights for the socio-economic parameters and related 

explicative factors “land use”, “population density” and “water quality”. The pattern 

changed again when the application was redefined to wildfire combat and greater weights 

were ascribed to the ecologic contexts and associated explicative factors “wildfire risk” 

or “legally protected sites”. Now, the highest suitability scores were distributed around 
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sensitive areas (Figure 3.5c). The high sensitivity of RWH suitability assessments to 

application settings highlight the importance of setting up a clear objective for the use of 

harvested rainwater before making any decision on the allocation of irrigation, wildfire 

combat or other projects. In this context, we need to say that Jha et al., (2014) or Singh et 

al., (2017)probably selected the runoff coefficient, terrain slope and drainage density as 

suitability parameters because their RWH model aimed to couple harvesting potential 

with enhanced (artificial) aquifer recharge. And it is worth recalling a concluding 

statement of (Adham et al., 2016a) in their recent review paper on the identification of 

suitable sites for rainwater harvesting structures: “determining the most helpful method 

for selecting suitable RWH sites is a great challenge”. To our view, the challenge can be 

overcome if RWH modelers (re)design their algorithms through replacement of static 

suitability parameters and associated weights by flexible counterparts, a feature 

accommodated in just a few studies (e.g., Mbilinyi et al., 2007). In that context, the 

flexibility of Terêncio et al.'s (2017) model to deal with application-oriented weights is a 

strong point in favour of their method. 

 

Figure 3. 7 - Results of ranking analysis, considering the building of 3, 6 and 12 meter high dam walls 

and the application of harvested rainwater in irrigation and wildfire combat. 

Besides suitability (Figure 3.6a), the allocation workflow defines long-term stream 

flow, distance between rainfall collection and application areas, Dn ratio and H ratio as 
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relevant selection constraints. The spatial distribution of these variables is illustrated in 

Figure 3.6b–d. Long-term stream flows (Figure 3.6b) are used to check the competence 

of potentially capable sub-catchments as regards water availability. This check is 

mandatory because Eq. (3.3) defines the area of a catchment potentially capable to 

generate the irrigation requirements (V0), based on regional-scale climate parameters (a 

and b constants), but cannot ensure actual supply at local scale. The discharge volumes 

(Vd=Q × A) estimated for the 384 potentially capable sub-catchments corroborate the 

need to validate competence, because the number of competent sub-catchments (Vd > V0) 

was just 56.5% of the total. Only a few studies have investigated the effectiveness of 

catching and storing water and the utility of RWH within the existing farm management 

(Adham et al., 2016b). The model by Adham and co-workers was designed to improve 

water availability for different RWH systems based on crop water requirements and 

rainfall-runoff relationship, being pioneer in that respect. The present study follows that 

track by indexing RWH suitability to long-term stream flows. The Dn ratio represents the 

mean distance from a potentially capable sub-catchment and an area irrigable by that 

catchment, using gravity flow. The smaller the Dn the less expensive are the average 

water transportation costs. In the Sabor River basin, the smallest Dn values are ascribed 

to the upstream sub-catchments (Figure 3.6c.1). Thus, in the planning of rainfed irrigation 

at catchment scale these sub-catchments should be viewed as best candidates to rainfall 

collection. The use of Dn as proxy to water transportation costs is not necessarily right 

when the purpose of rainwater harvesting is wildfire combat, because water is frequently 

transported to the burning areas by airplane and hence the topographic (altitude) 

relationship between source and application areas in these cases is irrelevant. For that 

reason, in the allocation of RWH sites to assist wildfire extinction the workflow uses the 

mean distance between potentially capable sub-catchments and forest stands. This 

distance increases from the centre to the periphery of Sabor basin (Figure 3.6c.2), as 

expected, highlighting the importance of central sub-catchments in this application. For 

a complementary use of harvested rainwater (i.e., irrigation and wildfire combat), the 

central sub-catchments are also the best candidates to install the RWH sites, because they 

are characterized by small Dn and D values (please compare Figure 3.6c.1 and c.2). The 

H ratio is probably the most relevant constraint in the planning of rainwater harvesting 

for irrigation, because it compares RWH sites as regards storage capacity, potential 

construction costs and ecological sustainability values (landscape integration, sustainable 

drainage, environmental protection). The spatial distribution of H ratios is illustrated in 
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Figure 3.6d.1–3. The higher the H value the larger the storage capacity. When H > 1, the 

harvested rainwater exceeds the irrigation requirements, but if H < 1 the RWH system is 

unable to supply enough water for the predefined needs. Figure 3.6d were drawn for three 

dam wall heights: 3 m (3.6d.1), 6 m (3.6d.2) and 12 m (3.6d.3). The lower walls are low-

cost infrastructures that can be easily integrated in the landscape, but their storage 

capacity is limited. The higher walls can accumulate much larger volumes of water but 

their building requirements raise construction costs while reducing landscape 

assimilation. The results for the 3 m wall reveal that H > 1 for just 7 (1.8%) sub-

catchments, while this number rises to 46 (12%) and 124 (32.3%) for the 6 and 12 meter 

walls, respectively. Besides, the number of sub-catchments with H < 0.1 decreases from 

261 (68%) to 49 (12.8%) when the wall height increases from 3m to 12 m. With so many 

rainfall collection areas unable to cope with H ≥ 1,when the option is to install a RWH 

system with 3 m-high dam wall, it is unlikely that water resource planners can regularly 

consider the development of rainfed agriculture based on these systems. Facing these 

results, the option for more engineered infrastructures may be viewed as opportunity. 

 

Figure 3. 8a - Spatial distribution of irrigable areas supplied by a 3 meter high dam reservoir. b – 

Histogram of irrigable areas supplied by a 3 meter high dam reservoir. 
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The ranking of sub-catchments based on the application-oriented suitability, long-term 

stream flows, distance parameters and dam wall heights (Figure 3.7) generally associates 

the highest ranks (green sub-catchments) to Vd / V0 > 1 (line patterns inclined to the left).  

 

Figure 3. 8b – (continued). 

Thus, the highly ranked sub-catchments can potentially supply enough water to rainfed 

irrigation. However, to effectively supply the harvested rainwater, the condition Vd / V0 > 

1 must be complemented with the condition of Vs / V0=H > 1 (line patterns inclined to 

the left), generating green sub-catchments overlaid by cross line patterns. Ranking of 

potentially capable sub-catchments based on yield (Vd) and storage (Vs) have been 

considered in a study by Petheram et al., (2017), but the authors indexed the ranks to 

construction costs (yield/cost and storage/cost ratios) while in the present study the rank 

was indexed to the irrigation needs (Vd / V0 and Vs / V0). When looking at Figure 3.7a, it 

is clear that 3 m–high dam walls fail to cope with these requisites, with few exceptions. 

Figure 3.8b strengthens this conclusion because 1/3 of rainfall collection areas can irrigate 

no > 5 ha of arable land if the RWH system installed on their outlets is built with a 3 m-

high wall. The more engineered solutions (Figure 3.7b, c) raise the number of cross lined 

sub-catchments, while some of them are highly ranked (green). Overall, the green cross 

lined sub-catchments are the top rainfall collection areas within the Sabor River basin. 

Although the use of harvested rainwater in wildfire combat is not constrained by the Vd / 

V0 > 1 or Vs / V0=H > 1 conditions, because it is viewed as complement to the use in 
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irrigation, the green cross lined sub-catchments in Figure 3.7d–f are also likely to be the 

top rainfall collection areas for this application. 

3.5.2. Sustainability  

In the context of flood attenuation, Yang et al., (2011) defined a sustainable flood 

retention basin as an impoundment or integrated wetland “capable of being maintained at 

a steady level without exhausting natural resources, harming the environment and causing 

severe ecological damage”. This definition can be transposed to conventional field RWH 

sites since they are also contributors to flood attenuation and attend the aforementioned 

characteristics, besides complying with their other uses (e.g., irrigation of cropland). For 

the parameterization of water impoundments (six types), the work of Yang attributed a 

central role to the dam wall height (H), because the value H ≤ 3 m was linked to low-

engineered structures (on average b 30% elements) mostly destined to sustainable 

drainage, aesthetic landscape, recreation and environmental protection (types 3 to 6), in 

brief to hold ecological sustainability values, while the value H >3m was associated with 

high-engineered structures (on average > 70% elements) destined to drinking water 

supply or hydraulic purposes (types 1 and 2). In the Sabor River basin, irrigation projects 

extending to 5 ha of arable land or less can be supplied with harvested rainwater stored 

behind 3m-high dam walls (Figure 3.8a,b),which means by ecologically sustainable 

RWH sites. Ecological sustainability is an invaluable social asset, which is important to 

preserve at all cost. Thus, in cases where the claim for food production requires the 

irrigation of larger areas, hydraulic engineers are ought to think more about how to better 

construct, operate and maintain larger dams and reduce their negative impacts, as well 

noted by Chen et al., (2016). Besides, authorities, planners and the society need to adhere 

to best management practices as to attenuate contaminant exports towards the aquatic 

media upstream the dams, namely leachates of farmland fertilizers or poorly treated 

domestic and industrial effluents. In this context, a recent study performed on a 

problematic dam proposed a solution based on collector pipes controlled by auto 

mechanical gates, to reduce sediment and heavy metal storage in the reservoir and 

enhance lake water quality (Al-Nasrawi et al., 2016). Another study reported the recovery 

of water quality and biodiversity in a polluted dam lake in Spain (Camargo, 2017), 

following the implementation of mitigation measures upstream the infrastructure such as 

the improvement of an industrial waste water treatment plant with better lime and 

limestone reactors to retain more efficiently fluoride ions as insoluble calcium fluoride.  
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Besides attending improved construction guidelines and the implementation of best 

management practices at catchment scale, construction of medium size dams to be used 

as RWH devices must be decided in the context of other components of sustainability, 

namely the social component. Current frameworks indicate that assessments of the social 

impact of dams should start by simultaneously considering the dimensions of space, time 

and value as well as the components infrastructure, livelihood and community, and refer 

both the positive and the negative impacts (Kirchherr and Charles, 2016). The assessment 

of social impacts is of great importance before the construction of large dams but it also 

matters to the construction of medium size dams. In a study about the social sustainability 

of a large dam in Malaysia (Andre, 2012), the participants in a questionnaire (mostly 

indigenous people affected by the project) indicated the protection of environment as 

issue to attend, but assumed that a sound social sustainability could be achieved if the 

issues of landlessness, self-sufficiency, compensation and transportation could be 

amicably resolved. It was recognized, however, that the elements of social sustainability 

that are important to one community or hydrological water catchment area, are often 

unique to that community, and cannot always be translated or transferred to another area. 

Indeed, in another similar study in Cambodia the environmental impacts and the changes 

to livelihoods were the most important concerns of the affected population (Siciliano et 

al., 2015). In the present study, the option for more engineered dams considers the 

construction of medium size structures with dam wall heights not exceeding 12 m. The 

social impacts of these projects should not be negative because this type of dam creates 

small lakes that do not interfere significantly with key social issues such as resettlement, 

landlessness or change to livelihoods or styles. Besides, the complementary use of these 

dams in wildfire combat represents a positive ecological impact, considering the coverage 

of Sabor River basin by protected areas. However, some negative ecological impacts must 

also be expected, related to habitat fragmentation, disturbance of hydrologic regime or 

water quality deterioration. As noted above, the options to take can be twofold: do not 

construct or better construct. As also noted, better construction needs to be accompanied 

by sustainable management of catchments eventually operated through spatial decision 

support systems (Sanches Fernandes et al., 2014, 2011), that help reducing nutrient and 

heavy metal exports towards the aquatic media and preserve good quality water in dam 

lakes. Measures such as the improvement of domestic and industrial waste water, 

implementation of best management practices in agricultural areas (use of green manure, 

minimum tillage, retaining harvest residues on topsoil’s), or the replanting of riparian 
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vegetation along the water courses, are some examples of sustainable management 

referred to in many catchment studies (e.g., Ferreira et al., 2017; Santos et al., 2015b, 

2015a), but unfortunately not always implemented in the field. 

3.6. Conclusions 

The use of rainwater harvesting (RWH) to supply irrigation projects in the Sabor River 

basin (Portugal) is strongly limited to irrigation areas smaller than 10 ha, if the option is 

for small height (H=3 m) dam walls. This is because the storage capacity of associated 

reservoirs is rather limited, a circumstance that also affects complementary uses of 

harvested rainwater such as wildfire combat. The value of 10 ha was estimated by a RWH 

site allocation method developed by Terêncio et al. (2017), improved in this study through 

consideration of H in the algorithm. The Sabor River basin drains an area of 

approximately 3297 km2 and the site allocation model delineated 217 sub-catchments 

capable to deliver enough water to irrigate an average arable land, which in the Sabor 

basin corresponds to 222 ha. However, given the storage constraint imposed by the dam 

wall height only 7 of these basins can accumulate the proper amount of water, estimated 

in V ≥ 1.49 Mm3 yr−1. In case the dam wall height increases to 6 m the number rises to 46 

sub-catchments with V ≥ 1.49 Mm3 yr−1 and if H = 12 m the number rises to 124. The 

model sensitivity to H should be an alert to planners of sustainable RWH sites. Although 

dams with H ≤ 3 m hold values of ecological sustainability (e.g., landscape integration, 

environmental protection) they may fail to supply enough resource to the predefined 

application, a circumstance less applicable to the more engineered dams with 6 m ≤ H ≤ 

12 m or higher. In brief, the study in the Sabor River basin clearly demonstrated the 

suitability of sustainable rainwater harvesting to support domestic or small community 

agriculture, or to assist the struggle against small forest fires. It also showed the limitation 

of using these low- cost infrastructures in the planning of general agroforestry uses at 

catchment scale. 

Supplementary data 

Supplementary data to this article can be found online at 

http://dx.doi.org/10.1016/j.scitotenv.2017.09.198 
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4.1. Abstract 

According to the Floods Directive (Directive 60/2007/EC), the management of floods 

represents an obligation of each EU member state to defend human lives as well as the 

economic well-being of societies, especially in areas defined as critical. The purpose of 

this study was to develop a flood attenuation model based on detention basins in the 23 

critical flood risk zones of continental Portugal, capable to eliminate the high and very 

high flood risk areas instead of attempting to ensure full control of the flood in all 

potentially threatened areas. The model workflow comprised the sequential use of 

engineering formulae based on historical peak flows and a zoning algorithm embedded 

in a Geographic Information System. The formulas allowed to set up the volume of river 

water to retain in a detention basin during a flood, as well as the smallest catchment area 

(A) producing this volume. The results were divided according to the Scholz (2007) 

classification by sustainable (h ≤ 8m) or non-sustainable (h > 8m) detention basins. Thus, 

these results indicated the possibility to install 27 sustainable and 75 non-sustainable 

detention basins in specific catchments within the critical zones contributing watersheds. 

The number of sustainable detention basins is reduced by about 30% when the full flood 

control model is used. In the cases of the h ≤ 8m, the attenuation of flood risk as proposed 

in this study could be accomplished through the construction of sustainable flood 

detention basins. In the cases of the h> 8m, flood risk attenuation could only be attained 

by non-sustainable detention basins. In these cases, the construction of highly engineered 

structures would be mandatory. Because construction of these dams is extremely costly, 

the only possible way to mitigate flood risk in these critical zones would be to couple 

flood attenuation with hydroelectric use, or through the implementation of an extensive 

reforestation program in the catchment with the purpose to increase evapotranspiration 

and reduce runoff. 

4.2. Introduction 

In the last decade (period 2005–2014), floods represented 47% of all weather-related 

disasters and affected around 2.3 billion people across the globe (UNISDR, 2015). In 

Europe, floods are the most common natural disaster and account for the largest number 

of casualties and economic damage (Raadgever et al., 2014). This scenario is well 

reproduced at the scale of Portugal, where floods are the second natural event that causes 

economic damage or life losses (APA, 2018b; EM-DAT, 2018). Besides being 
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catastrophic events, floods are becoming more frequent and amplified with climate 

change (IPCC, 2014b). Furthermore, due to the increasing exploitation of floodplains and 

the escalating complexity of urban infrastructures, the civilization’s vulnerability to 

floods is also growing (Norén et al., 2016). In response to this reality, the seeking 

measures to manage the flood risks, in order to mitigate their consequences, has become 

a central issue in the political agendas of countries. In Europe, the need to attenuate flood 

risks has prompted the European Commission and the European Union Council to put 

forward the Directive 60/2007/EC, referred to as the Floods Directive (EC, 2018). This 

legislation aims to manage and reduce the risks arising from floods, and concomitantly to 

preserve human lives and health, the environment, cultural heritage, infrastructure and 

economic activities (Roos et al., 2017). To accomplish its goal the Floods Directive 

requires that European Union member states engage in a three-stage characterization of 

their territories, structured in six-year cycles. The three stages consist of: 1) create a 

preliminary flood risk assessment and identify river basins and coastal areas at risk of 

floods; 2) prepare and release flood hazard maps for the identified areas; 3) conceive and 

implement flood risk management plans (FRMPs) focused on prevention, protection and 

preparedness of each catchment. Besides this operational goal, the FRMPs aim a 

paradigmatic change to the governance of water management, comprising the 

commitment of stakeholders and the general public in the decision-making (McVittie et 

al., 2018). 

The Flood’s Directive has been transposed to the Portuguese legislation through the 

Decree-law no. 115/2010 of 22 October (MAOT, 2010). Within this legal framework, the 

FRMPs were developed and implemented for the eight Hydrographic Regions of 

Continental Portugal. The FRMPs assembled data and understanding on the floods that 

plagued Portugal over the years and proposed an assortment of measures to minimize 

their effects. The FRMPs identified 23 critical flood risk zones. Invariably, the floods in 

these areas have caused the missing, death or evacuation of people. For all the critical 

zones the Portuguese Environmental Agency promoted the elaboration of flood risk maps 

for return periods of 20, 100 and 1000 years, related to events with a high, medium and 

low probability of occurrence, respectively (APA, 2014). The risk was calculated as a 

product of two parameters: 1) the hydrodynamic danger of floods for humans, which 

increases for increasing values of flow depth and velocity; 2) the adverse economic 

consequences of floods for the exposed elements, which are considered minimal when 
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the exposed elements are, for example, agricultural or forested areas, and maximal when 

they correspond to urban centres. 

The mitigation measures contained in the FRMPs place the emphasis on non-

infrastructural measures. This type of measures comprise the control of runoff through 

reforestation of mountainous watersheds (Ryffel et al., 2014), the management of 

wetlands within river plains (Pattison-Williams et al., 2018; Reed et al., 2018; Yoshikawa 

et al., 2010), or the salt marshes and mangroves at coastal areas (Van Wesenbeeck et al., 

2014). Non-infrastructural measures are viewed as nature-based flood-defence solutions 

that are thought not to have negative effects on the natural environment, in opposition to 

infrastructural solutions such as detention basins (Bellu et al., 2016b) that are frequently 

related to negative geomorphologic (Brandt, 2000) and ecological (Santos et al., 2017) 

impacts. It is however documented that the influence of landscape structure on floods 

decreases as flood size increases, namely that landscape features affect magnitude and 

duration of only those floods with return periods ≤ 10 years. Therefore, larger floods 

cannot be managed effectively by manipulating landscape structure, for example through 

reforestation (Mogollón et al., 2016). For larger floods, the solution does require the 

installation of flood detention basins and may even need to disperse the big flood into 

many small floods through simultaneous control of stream flow at various river sections 

within the watershed (McMinn et al., 2010; Robinson et al., 2010a; Scholz and Yang, 

2010b). Recently, allocation models were developed to identify the most suited places to 

install detention basins, based on physical, socio-economic and ecological parameters, 

which complementary propose the use of stored water for agro-forestry applications such 

as crop irrigation or wildfire combat (Terêncio et al., 2018, 2017b). The distribution 

concept has been proposed to mitigate floods in Jakarta (Asdak et al., 2018). It was also 

recommended by Bellu et al. (2016) while studying the floods in the River Vez basin 

located in northern Portugal. In that basin, the control of floods would be possible with 

the construction of a single 70-meter high dam or a system composed of 10 decentralized 

53-meter high (on average) dams.  

Even with dispersion, the detention basin solution may require the installation of large 

engineered structures, as demonstrated by Bellu et al. (2016). These structures are 

considered non-sustainable (Scholz and Sadowski, 2009), because they can cause 

deterioration of lake water quality and loss of aquatic biodiversity in the long term, as 

already mentioned. A reason for not reaching a sustainable solution is probably related to 
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the flood-control criteria used by Bellu et al. (2016) and many other models. In general, 

the flood is said controlled when stream flow downstream the detention system is kept 

confined within the normal river channel during the storm events (full flood control). This 

condition requires the storage of large stream flow volumes in the detention system, and 

consequently the construction of large infrastructures to accomplish the task. An approach 

that would reduce dam wall heights towards more sustainable values needs to rely on 

different criteria, namely on the concept of flood risk attenuation. 

The general purpose of this study is to develop and apply a flood risk attenuation model 

while working in the critical flood-prone zones of continental Portugal. Firstly, the 

attenuation of floods in a critical zone is defined as the prevention of flooding of high and 

very high risk areas. Storm events will continue to discharge stream water from the 

normal river channel into the floodplains, but solely where the danger to humans or the 

consequences for the exposed elements (flood risk) are, at the most, moderate. Secondly, 

the model developed by Bellu et al. (2016) is adjusted to identify the most suited locations 

to install detention basins and to calculate the corresponding dam wall heights. Because 

the volumes of stream water to detain are presumably much smaller than if flood 

attenuation had to consider prevention of flooding in all the risky areas, it is expected that 

the calculated heights come near the limits of sustainable flood detention basins (e.g., ≤ 

8 m). Therefore, the main objectives of this paper are: (1) To develop a flood risk 

attenuation model that is capable to identify all possible catchments to install flood 

detention dams; (2) To perform a susceptibility analysis whereby the calculated dam wall 

height is related to the flood detention system sustainability.  

A general overview of the motivation, technical approach and expected outcomes of 

this study is illustrated in Figure 4.1. 
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Figure 4. 1 - Workflow comprising study motivation, flood risk attenuation model and management 

guidelines and forecasts. 

4.3. Study area 

The critical zones of continental Portugal are represented in Figure 4.2, in the context 

of their hydrographic regions (HR1–HR8). Eight critical zones are located in international 

rivers (shared between Portugal and Spain), namely two in the HR1 (Minho and Lima 

Rivers), three in the HR3 (Douro River) and three in the HR5 (Tagus River). The 

remaining fifthteen zones are located in national rivers. For the international rivers, 

successful flood management would require the preparation and implementation of a 

hydrographic basin management plan for the shared basins, but that was not forecasted 

within the EU Water Framework Directive (Directive 2000/60/EC of the European 

Parliament and the Council). This integrated flood management is however practised for 

years in the HR5 (Tagus), through adequate management of flood peaks in hydropower 

dams, with positive results. For the national rivers, the management of flood risk is an 

exclusive obligation of Portugal, accomplished through the implementation and 

monitoring of the FRMPs. 
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Figure 4. 2 - Spatial distribution of hydrographic regions and flood risk critical zones of continental 

Portugal. 

According to the DISASTER database (http://riskam.ul.pt/disaster), which has been 

sourced with information compiled from approximately 150 000 newspapers, the number 

of floods that produced negative impacts in the period 1865–2010 was 651 (> 4/yr, on 

average), while the number of dead, injured or missing people was 546 (> 3/yr) and the 

number of evacuated or homeless people was 35501 ( 250/yr). These numbers refer to 

floods that occurred in the critical zones, which are discriminated for each zone in Table 

4.1. They represent approximately half the floods occurred (reported) in Portugal in that 

period (Zêzere et al., 2014). The most problematic zone is the Abrantes / Santarém / Vila 

Franca de Xira, which experienced 121 events (18.6% of all events) that caused death or 

injury in 328 people (60% of all casualties) and the evacuation or eviction of 14990 

individuals (42.2% of all affected people). The Porto / Vila Nova de Gaia and Coimbra 

critical zones experienced more floods in the same period, but the number of casualties 

and evacuated or homeless people were much less (< 20 and < 5000, respectively). 

According to Zêzere et al. (2014), floods were more frequent during the period 1936–

1967 and occurred mostly from November to February. 
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Table 4. 1 - Flood events occurred in the critical zones of continental Portugal from 1865 to 2010. Only 

the events that caused a negative impact have been included in the list. Besides the counting of flood 

events, the table also describes the number of dead, injured, missing, evacuated or homeless people. 

Source: http://riskam.ul.pt/disaster. 

Hidrographic Region 

(HR) 
Critical zone(s) 

Number of flood 

events with 
negative impacts 

Dead, injured or 

missing people 

Number of evacuated 

or homeless people 

HR1 
Ponte de Lima, Ponte 

da Barca 
18 7 81 

HR2 Esposende  8 5 41 

HR3 

Régua 23 2 7338 

Porto, Vila Nova de 

Gaia 
149 17 5135 

Chaves 21 1 1235 

HR4 

Coimbra 124 16 558 

Estuário do Rio 

Mondego  
10 1 914 

Águeda 16 5 203 

Ria de Aveiro 7 7 36 

Pombal 6 2 164 

HR5 

Abrantes, Santarém, 

Vila Franca de Xira 
121 328 14990 

Loures / Odivelas 80 136 3626 

Torres Vedras 11 2 438 

Tomar 10 1 266 

HR6 

Setúbal 8 3 163 

Alcácer do Sal 5 6 20 

Santiago do Cacém 4 1 15 

HR8 

Aljezur 5 1 15 

Tavira 5 1 93 

Monchique 1 0 35 

Faro 8 3 16 

Silves 11 1 119 

Total  651 546 35501 

The flood risk in the critical zones has been characterized by the Portuguese 

Environmental Agency using a hydrologic model (APA, 2014). The flood risk maps 

derived therefrom were produced for return periods of 20, 100 and 1000 years. In this 

study, the focus is put on the results obtained for the middle return period (100 years). 

Figure 4.3 illustrates the risk map for one critical zone (Tomar). The five categories of 

risk describe the hydrodynamic danger of floods for humans and the adverse economic 

consequences of floods for the exposed elements and vary from very low to very high. In 

Figure 4.3, it is evident the concentration of high and very high risk areas in the urban 

centre of Tomar town.  
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Figure 4. 3 - Spatial incidence of flood risk classes in a specific critical zone (Tomar). The proposed 

flood risk attenuation approach aims to prevent the flooding in areas of high and very high risk. 

A substantial part of the critical zone is however occupied by areas at very low to 

moderate risk, mostly occupied by agriculture. In Table 4.2 it can be read that the 

contributing basin to Tomar zone occupies 1043.63 km2, while the potentially flooded 

area (100 year return period) covers 6.91 km2, 8.69% of which is represented by sectors 

of the zone at high and very high risk. The scenario illustrated and described for Tomar 

can be replicated for the other critical zones. With the exception of Santarém and Ria de 

Aveiro, for which the potentially flooded areas (A100 in Table 4.2) are very high (483.62 

and 189.19 km2, respectively), in general A100 = 7.2±6.6 km2. The percentage of these 

areas located in sectors exposed to high and very high risk (A0) is on average 4±4% if the 

Monchique zone is excluded for which the A0 is abnormally high (80%).
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Table 4. 2 - Critical zone characterization. The equations describe fittings to scatter points presented in the Supplementary Material (S1). The intercept-y in those equations is 

Q0 that defines the maximum Q for which the high and very high risk areas are not affected by 100 year return period floods. 

Critical zone No Code 
Acz 

(km2) 
Qcz 

(m3/s) 
A100 

(km2) 
A0 

(%) 
P 

(mm/yr) 
T 

(ºC) 
Slp 
(%) 

Q100 

(m3/s) 
Q0 

(m3/s) 
ΔQ 

(m3/s) 
Regression equation 

Ponte de Lima 1.1 I 691.77 
67,83 3,30 5,81 

2172 14.02 17.60 3837 1333 2504 y = 0.013x + 1332.6 

Ponte da Barca 1.2 J 522.63 
52,61 2,58 2,73 

2374 12.34 22.00 3022 1442 1580 y = 0.0244x + 1442 

Esposende 2 M 1548.46 
64,09 5,85 3,15 

2100 12.80 14.71 3640 2594 1046 y = 0.0056x + 2594.1 

Régua 3 P 9227.26 
– 4,69 10,54 

877 14.03 15.76 16800 Not applicable (Q0 < 0) – y = 0.0339x – 86.261 

Porto 4 H 14283.82 
407,54 5,55 14,99 

1616 13.31 17.94 17700 4527 13173 y = 0.0173x + 4526.5 

Chaves 5 O 210.82 
32,05 9,26 8,85 

830 11.95 10.42 863 333 530 y = 0.0008x + 333.1 

Coimbra 6 N 4925.37 
94,35 3,73 2,27 

1214 13.68 15.35 2500 1483 1017 y = 0.0047x + 1482.5 

Estuário do Mondego 7 Q 6620.31 
– 21,49 0,00 

1018 15.55 6.80 3000 Not applicable – 

Mondego Estuary does 

not have high or very 
high risk zones 

Águeda 8 A 417.41 
8,94 2,95 2,06 

1786 13.89 17.54 320 145 175 y = 0.0034x + 145.04 

Ria de Aveiro 9 G 2749.64 
27,83 189,19 0,12 

1457 14.52 11.70 4200 1216 2984 y = 0.0121x + 1215.8 

Pombal 10 K 205.61 
6,81 1,83 5,95 

1069 15.21 8.67 441 87 354 y = 0.0027x + 87.242 

Santarém 11 F 19223.56 
335,74 483,62 2,51 

856 15.54 7.95 14600 10068 4532 y = 0.0003x + 10068 

Loures / Odivelas 12 L 294.46 
1,17 13,97 6,36 

843 15.83 11.23 1017 325 692 y = 0.0007x + 325.04 

Torres Vedras 13 R 333.32 
not 

available 
15,39 1,45 

765 15.21 9.70 476 80.7 395.3 y = 0.0018x + 80.739 

Tomar 14 B 1043.63 
9,05 6,91 8,69 

1059 16.68 8.06 973 425 548 y = 0.0008x + 425.05 

Setubal 15 S 16.06 
not 

available 
2,49 1,15 

749 16.75 9.72 137 82 55 y = 0.0011x + 82.276 

Alcácer do Sal 16 T 6004.97 
– 24,46 0,88 

642 16.35 3.17 1900 Not applicable (Q0 < 0) - y = 0.0126x – 883.32 

Santiago do Cacém 17 E 1415.98 
1,58 5,71 0,25 

662 16.22 3.35 948 498 450 y = 0.0252x + 531.83 

Aljezur 18 U 167.45 
– 1,34 1,44 

769 15.85 12.66 367 Not applicable – Without regression 
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Tavira 19 C 222.74 
1,01 2,59 6,17 

730 18.22 13.11 718 352 366 y = 351.89e6e–06x 

Monchique 20 V 3.55 
not 

available 
0,02 80,00 

1318 17.46 20.37 36 6.4 29.6 y = 6.3618e1e–04x 

Faro 21 X 76.93 
– 5,09 0,19 

732 19.99 7.99 215 Not applicable – Without regression 

Silves 22 D 977.67 5,24 11,61 0,25 789 17.81 14.14 2012 1304 708 y = 1304.7e2e–05x 
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4.4. Materials and methods 

The flood risk modelling of critical zones in continental Portugal was based on peak 

flows compiled from time series of stream flow. The details about data and methods that 

were used to obtain the peak flows and assess flood risk are described in APA, (2014). In 

brief, flood risk was graded into five classes, namely insignificant, low, medium, high 

and very high, according to a combined assessment of flood wave danger, on one hand, 

and value of social, economic and cultural heritage on the other hand. Flood wave danger 

was measured by flow velocity and depth. The attribution of a value to the heritage was 

based on interpretation of land use maps (COS 2010, https://www.dgterritorio.pt/).  

This paper is focused on the 100 year return period floods. A comparison of peak flows 

(20, 100 and 1000 year return periods) and corresponding flood risk areas (just high + 

very high risk; A0) through regression analysis (see Supplementary Material, S1) allowed 

to estimate a peak flow (Q0) for which A0 = 0 in a majority of critical zones. The regression 

equations and associated Q0 values are depicted in Table 4.2. The temporary storage of 

Q0 in a detention basin would prevent floods to affect the high and very high risk areas, 

regardless of the return period.  On the other hand, the Q0 values are much lower than the 

peak flows related to 100 year return period floods in the critical zones (on average 

53.6±15.3%, compare Q0 with Q100 in Table 4.2), i.e. the peak flows that can cause A100. 

Therefore, besides preventing floods from affecting the areas of high and very high risk 

the retention of Q0 would represent a much less flood control effort than the retention of 

Q100, probably assured with more sustainable and less costly dam structures (lower 

heights). 

The method proposed to attenuate floods in the critical zones of continental Portugal 

is outlined in Figure 4.1 and comprises four steps: Step 1 sets up peak flow versus flood 

risk area relationships as explained above to obtain Q0 and ensure A0 = 0; Step 2 calculates 

the volume of storm water to store in the detention basin (V), based on the difference 

between Q100 and Q0; Step 3 estimates the area (A) of a catchment which produces an 

inflow V to the detention basin during a storm; Step 4 seeks for catchments with area ≥ 

A0, within the watershed that discharges storm water into the critical zone, and calculates 

dam wall heights (h) based on V and local topography. The technical details on each step 

are presented in the following paragraphs. 
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Step 1 – Based on historical data about peak flows (Qi; 20, 100 and 1000 year return 

periods) and corresponding flood risk areas (Ai; high + very high risk), such as the ones 

provided in APA (2014), the peak flow (Q0) for which Ai = 0 (prevention of high and very 

high flood risk) is obtained by plotting the (Qi, Ai) points in a scatter diagram and fitting 

the could to a straight line (see Supplementary Material, S1): 

𝑄𝑖 = 𝑄0 + 𝑏 × 𝐴𝑖 (4.1) 

where b (m) is the straight line slope. According to Equation 4.1, when Ai = 0, Qi = 

Q0. 

Step 2 – The volume of storm flow stored in the detention basin to ensure the condition 

A0 = 0 is determined by the simplified triangular hydrograph method (Hong et al., 2006; 

Lima et al., 2006): 

𝑉 =
1

2
× 𝑡𝑏 × (𝑄100 − 𝑄0) 

(4.2) 

where V (m3) is the stored volume, tb (s) is the storm flow duration, and Q0 (m
3/s) and 

Q100 (m
3/s) are, respectively, the attenuated outflow and the peak inflow. According to 

DMR, (2002) tb = 2.67 tc, where tc is the so-called time of storm flow concentration in the 

catchment that can be estimated using the Temez equation (Temez, 1987): 

tc=0.3 (
L

I0.25
)
0.76

 
(4.3) 

where L (km) is the river extent and I (dimensionless) the average river channel slope 

measured as the ratio between elevation amplitude and extent. In Equation 4.3, tc is 

expressed in hours and therefore must be recast as seconds before being used to estimate 

tb. The values of L and I can be determined using watershed characterization functions of 

ArcHydro software (ESRI, 2012). 

Step 3 – The catchment that delivers a runoff volume V during a storm covers an area 

(A) that can be calculated by the so-called Dutch method recently used in a study of flood 

control (Bellu et al., 2016). The Dutch method relates V (m3) with A (ha) as follows: 
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𝑉 = (−
𝑏 × 𝑞𝑠
1 + 𝑏

) × (
60 × 𝑞𝑠

𝑎 × (1 + 𝑏)
)

1
𝑏
× 𝐶 × 𝐴 × 10 

(4.4.1) 

where a and b are dimensionless constant parameters appearing in Intensity–Duration–

Frequency (IDF) curves (e.g., Brandão Pereira et al., 2001; De Paola et al., 2014; 

Elsebaie, 2012), qs (mm/min) is the so-called specific discharge and C (dimensionless) is 

the catchment’s mean runoff coefficient that can be determined from curve numbers (e.g., 

http://geored.dge.mec.pt/informacao-geografica/atlas-da-agua). In keeping with the 

Dutch method, the specific discharge is:  

𝑞𝑠 =
6𝑞

𝐶 × 𝐴
 

(4.4.2) 

where q (m3/s) is the outflow rate allowed by the detention basin (ecological flow). 

The ecological flow was defined as the sum of two parcels, i.e. q = q1 + q2. The first parcel 

represents the volume of storm flow released in one month (q1 = V/12, but recast as 

discharge rate – m3/s) because the release of all storm flow was arbitrarily extended to 

one year. It is worth to mention that q1 can be adjusted to specific settings. For example, 

if the detention basin is to be fully used as a flood defence structure then q1 can be higher 

to ensure a rapid emptying of the reservoir and therefore a prompt regain of detention 

capacity. The second parcel represents the volume of non-storm flow that reaches the 

detention basin in the same time frame (one month), estimated using the rational method: 

𝑞2 =
𝐴month
𝐴cz

× 𝑄cz 
(4.4.3) 

where Qcz (m
3/s) is the average discharge rate in a river section within the critical zone 

watershed and Acz (ha) is the related contributing area, while Amonth is the area generating 

stream flow upstream the detention basin in one month, which can be extrapolated by 

using q1 in Equations 4.4.1 and 4.4.2. 

Replacing Equation 4.4.2 in Equation 4.4.1 and rearranging, one arrives in the equation 

for calculating A: 
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𝐴 =
1

𝐶
× (−

6𝑏 × 𝑞

1 + 𝑏
)
𝑏

× (
360𝑞

𝑎 × (1 + 𝑏)
) × (

10

𝑉
)
𝑏

 
(4.5) 

The explanation of the parameters was made in equations 4.4.1 and 4.4.2. 

Step 4 - Based on the value of A, the potential locations for the installation of a 

detention basin within the critical zone’s watershed are identified using a Geographic 

Information System such as the ArcHydro module (ESRI, 2012) of ArcGIS (ESRI, 2010). 

The input data for this step is a Digital Elevation Model (DEM) covering the watershed. 

Firstly, the DEM is hydraulically rectified using the ArcHydro terrain processing tool 

“DEM Manipulation > Fill Sinks”. Secondly, the flow direction succeeded by the flow 

accumulation, are computed within the river basin using the corresponding terrain 

processing tools. Thirdly, the potential locations for the installation of a detention basin 

are defined through the identification of points in the watershed that satisfy the following 

equality: 

𝐹𝑎𝑐𝑙𝑜𝑐 =
𝐴

𝐴𝑝𝑖𝑥𝑒𝑙
 

(4.6) 

where Facloc is the flow accumulation (number of pixels flowing towards the point) in 

a location with contributing area A, and Apixel is the pixel area defined by the DEM 

resolution. Fourthly, the ArcHydro’s tool “Batch Watershed Delineation” is used to draw 

the detention basin catchments with outlets located at the points where flow accumulation 

is Facloc. Fifthly, dam wall heights are deduced from lake volume calculations using the 

“Drainage Area Characterization” tool of Archydro. This tool slices the catchment 

according to elevation increments (1 ≤ i ≤ n) and measures the accumulated lake volume 

(Vi) between z0 (elevation of catchment outlet) and zi > z0. The dam wall height is h = zi 

– z0, when Vi ≥ V. 

4.5. Results  

The data used to perform the flood analysis based on the attenuation of flood risk are 

depicted in Table 4.1 (Qcz and Acz) and Table 4.3a. These data were compiled from a 

variety of sources and used in the modelling according to the summary provided in Table 

4.3b. 
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Table 4. 3a - Data used in the flood risk attenuation model of critical zones of continental Portugal. 

Critical zone name No Code L (km) I (%) tc (h) tb (h) 
Q100 – Q0 

(m3/s) 
V (m3) C a b q (m3/s) A (ha) 

Ponte de Lima 1.1 I 20.60 2.80 2.46 6.56 2504 29581661 0.70 380.68 -0.51 9.14 6229.84 

Ponte da Barca 1.2 J 33.00 2.67 4.00 9.48 1580 26955360 0.70 338.23 -0.49 2.63 3070.57 

Esposende 2 M 120.33 0.97 12.00 30.71 1046 57818520 0.75 330.74 -0.50 3.53 5551.04 

Porto 4 H 260.88 0.19 28.24 75.39 13173 1787670000 0.75 291.13 -0.56 149.29 480283.67 

Chaves 5 O 22.57 1.93 3.00 7.55 530 7204032 0.74 241.82 -0.58 2.95 5260.38 

Coimbra 6 N 184.04 0.51 18.00 47.97 1017 87819480 0.74 488.02 -0.59 5.45 17901.43 

Águeda 8 A 50.17 1.25 6.00 16.00 175 5040000 0.70 601.04 -0.65 0.45 1912.98 

Ria de Aveiro 9 G 133.27 0.56 14.00 36.82 2984 197768160 0.70 592.59 -0.64 12.01 59578.83 

Pombal 10 K 26.82 0.78 4.00 10.23 354 6516504 0.75 1073.96 -0.73 0.99 3611.20 

Santarém 11 F 323.74 0.17 34.00 90.81 4532 740822400 0.74 977.13 -0.67 51.62 194294.69 

Loures / Odivelas 12 L 32.03 0.65 5.00 12.12 692 15097320 0.80 1925.56 -0.79 0.74 7111.29 

Torres Vedras 13 R 36.88 0.47 5.00 14.33 395.30 10193256 0.79 1878.95 -0.80 0.33 4733.63 

Tomar 14 B 64.84 0.31 9.00 23.80 548 23478552 0.74 1078.55 -0.72 1.41 9068.72 

Setubal 15 S 8.68 1.46 1.00 3.85 55 381186 0.76 1908.73 -0.79 0.01 173.52 

Santiago do Cacém 17 E 58.21 0.29 8.00 22.26 450 18032652 0.76 2113.21 -0.79 0.66 6922.93 

Tavira 19 C 44.37 0.84 6.00 14.78 366 9736092 0.76 1629.86 -0.66 0.36 1146.08 

Monchique 20 V 3.55 12.53 0.00 1.30 29.60 69208.92 0.67 3556.98 -0.82 0.00 24.81 

Silves 22 D 88.29 0.39 11.00 29.37 708.00 37429200.00 0.74 2847.19 -0.77 1.65 8984.48 
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Table 4. 3b - Sources and application of flood risk model data depicted in Table 4.1 (Acz, Qcz) and Table 4.3a. 

 

Data Use  Owner institution 

or reference 

URL of internet website Date accessed 

Last access Data 

retrieval  

Historical 

floods 

Data were compiled from the APA (2014) 

report and used to define Q0 (Equation 4.1), 

Q100 (Equation 4.2) and to calculate q2 

(Equation 4.4.3) 

Agência 

Portuguesa do 

Ambiente (APA) 

https://www.apambiente.pt November 

2018 

September 

2018 

Digital 

Elevation 

Model 

(DEM) 

The 30 meter resolution DEM was processed in 

the ArcHydro module of ArcGIS with the 

purpose to calculate tc (Equation 4.3), tb and V 

(Equation 4.2), as well as to calculate the Facloc 

parameter (Equation 4.6), and delineate 

detention basin catchments (Figure 4.5) 

Direção Geral do 

Território (DGT) 

http://www.dgterritorio.pt/ October 

2018 

October 

2018 

Curve 

numbers 

It was used to estimate the watershed’s mean 

runoff coefficient (C in Equations 4.4, 4.5) 

Serviço Nacional 

de Informação em 

Recursos Hídricos 

(SNIRH) 

http://geored.dge.mec.pt/informacao-

geografica/atlas-da-agua 

October 

2018 

October 

2018 

Rainfall 

intensity-

duration-

frequency 

(IDF) curves 

The Parameters a and b were used to estimate A 

(Equations 4.4,4.5) and representing 6–48 hour 

events in 100 year return period 

Brandão et al. 

(2001) 

 October 

2018 

October 

2018 
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The modelling results are summarized in Table 4.4, where the number of sustainable 

and non-sustainable detention basins is indicated for each critical zone. The 

corresponding dam wall heights are provided as Supplementary Material (S2) and 

summarized in Figure 4.4. The spatial distribution of detention basin catchments is 

illustrated in Figure 4.5, where the categories of dam wall heights are indicated using a 

colour range. The critical zones Régua, Estuário do Mondego, Alcácer do Sal, Aljezur 

and Faro were not included in the analysis because no plausible regression was observed 

between peak flow and flood risk area (see the last column of Table 4.2). The critical 

zones Monchique, Setubal and Torres Vedras were also excluded from the analysis 

because no data were available to estimate q2 (Equation 4.4.3). 

 

Figure 4. 4 - Ranges of dam wall height of detention basins as calculated for specific sites in the critical 

zones as function of retained storm water volume and site topography. 

The number of detention basins capable to attenuate flood risk in the critical zones is 

102, but this number differs considerably among the critical zones (Table 4.4). The 

amount of options is largest in Coimbra (installation in 30 catchments) and lowest in 

Ponte the Lima, Porto, Ria de Aveiro and Loures / Odivelas (installation in just 1 

catchment). According to the Scholz and Sadowski (2009) classification, which uses h as 

key classification variable of flood detention basins, 27 of our options correspond to 

sustainable structures, defined when h ≤ 8 m, and 75 to non-sustainable structures (h > 8 

m). Among the sustainable cases, 21 represent integrated or passive natural flood 
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retention wetlands (Types 5 and 6 of Scholz and Sadowski, 2009), because of h ≤ 4 m, 

while 6 represent aesthetically pleasing retention and treatment wetlands (Types 3 and 4), 

because of 4 < h ≤ 8 m. In the critical zones of Ponte da Barca, Coimbra and Santiago do 

Cacém, all detention basins were classified as non-sustainable. This has potential 

implications as regards the implementation of non-structural measures in these zones. 

 

Figure 4. 5 - Spatial distribution of dam wall heights. The capital letters identify the 23 critical zones. 
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Table 4. 4 - Results of flood risk analysis, comparing the current flood risk attenuation approach with the 
conventional full flood control approach. 

Critical zone No. 

Number 

of flood 

detention 

basins 

No. of sustainable 

flood detention basins 

(h ≤ 8 m) 

No. of non-sustainable 

flood detention basins 

(h > 8m) 

Flood risk 

attenuation 

Full flood 

control 

Flood risk 

attenuation 

Full flood 

control 

Ponte de Lima 1.1 1 1 1 0 0 

Ponte da Barca 1.2 10 0 0 10 10 

Esposende 2 7 3 2 4 5 

Régua 3 – – – – – 

Porto 4 1 1 1 0 0 

Chaves 5 3 3 3 0 0 

Coimbra 6 30 0 0 30 30 

Estuário do Mondego 7 – – – – – 

Águeda 8 11 2 1 9 10 

Ria de Aveiro 9 1 1 1 0 0 

Pombal 10 3 3 3 0 0 

Santarém 11 4 3 2 1 2 

Loures / Odivelas 12 1 1 1 0 0 

Torres Vedras 13 – – – – – 

Tomar 14 7 5 1 2 6 

Setúbal 15 – – – – – 

Alcácer do Sal 16 – – – – – 

Santiago do Cacém 17 13 0 0 13 13 

Aljezur 18 – – – – – 

Tavira 19 7 1 1 6 6 

Monchique 20 – – – – – 

Faro 21 – – – – – 

Silves 22 3 3 3 0 0 

  
Total:        

102 
27 20 75 82 

The range of h values is illustrated in Figure 4.4 (green lines and points) for the 15 

critical zones included in the flood risk attenuation model. The range is small for some 

zones (e.g., Pombal, Silves) but very ample in other zones (Esposende, Santarém, 

Águeda, Tavira). In most cases, the flood risk attenuation options comprise sustainable 

(green points below the blue horizontal line) as well as non-sustainable detention basins 

(green points above). It is therefore advantageous to use an allocation model to select the 

most suited (sustainable) option. The difference of using the flood risk attenuation 

approach (i.e., calculate V using Q100 – Q0 in Equation 4.2), in comparison to a 

conventional full flood control approach (i.e., set Q0 = 0 and hence use Q100 in Equation 

4.2; derive the new hs accordingly), is depicted in Table 4.4 and illustrated in Figure 4.4 

by the red lines and points. For the full flood control approach (i.e. all storm flow – Q100 



Chapter 4 

186 

– is stored in the detention basin), the number of sustainable basins is 20 (14 of Types 5–

6, 6 of Types 3–4), which means 7 basins less (26%) than the number obtained for the 

flood risk attenuation approach. Moreover, Figure 4.4 reveals that red lines are always 

plotted above the corresponding green lines, which means that detention basins in the first 

case will be higher regardless of the type (sustainable or non-sustainable). On average, a 

full flood control detention basin will be 2.8 times higher than a flood attenuation risk 

detention basin. Figure 4.5 illustrates the diversity of h in space, which adds up to the 

diversity in a range exposed in Figure 4.4. It is, however, difficult to identify a factor that 

dominates the variance of h. For example, the high values of J, N and headwater M 

catchments could be explained by topography, because these catchments are all located 

in mountainous regions, but other catchments with similar high values are located in much 

smoother reliefs (e.g., E catchments). In general, the spatial distribution of h is expected 

to vary according to changes in topography, climate, land use, geology, among others. It 

is beyond of the scope of this paper to explore the relationship between these parameters 

and h, but Terêncio et al., (2019), who worked in the same 23 critical zones, have 

accomplished that. In brief, the most influencing factors seem to be climate, geology and 

basin characteristics (e.g., slope) while land use play a secondary role. 

4.6. Discussion 

The Floods Directive (Directive 60/2007/EC) prompted the EU Member States to 

evaluate whether watercourses and coastlines are at risk of flooding; to map the flood 

extent, human assets and humans at risk in these areas; and to take appropriate and 

coordinated measures to reduce the flood risk. This Directive also encouraged the EU 

countries to account for climate change as well as sustainable land use practices in flood 

risk management (http://ec.europa.eu). According to Starflood (http://www.starflood.eu) 

and IPCC (IPCC, 2014) reports, climate change may result in sea-level rises inducing 

more extreme weather events and increased flood risks in the sequel. Taking into account 

this concern, the fundamental objective of this study was to present a model to manage 

efficiently 100 year return period floods in the critical zones of continental Portugal. 

The use of flood defense structures in our study was thought to eliminate floods from 

high and very high risk areas within the critical zones. According to (APA, 2014), while 

doing so we ensure that urban centres, industrial areas, energy production plants, among 

other fundamental infrastructures for society, will not be affected by dangerous flood 

waves. These important areas can still be flooded, but the associated damage will be much 
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less and affordable than if the detention was not constructed, in which case flood waves 

would be much fast and deep, and hence much more destructive. Our approach does not 

prevent floods in areas classified as insignificant, low and medium risk. According to 

(APA, 2014), the danger of flood wave in these areas can be high or even very high but 

only where the economic, social and cultural heritage has ben classified with low to 

medium value or importance. 

The attenuation of 100 year return period floods in critical zones of continental 

Portugal can be accomplished if a network of detention basins is installed in specific 

locations within the contributing watersheds. The option for a flood risk attenuation 

approach, proposed in this study, is preferred over a full flood control approach common 

to many models, because floods can be managed through the installation of sustainable 

detention basins in  30% more cases when using the first approach. Moreover, the 

average dam heights are  3 times lower when the flood risk attenuation approach is 

adopted, which represents reduced construction costs. 

With the exception of Ponte da Barca, Coimbra and Santiago do Cacém zones, the 

attenuation of flood risk can, in fact, be accomplished through the installation of 

sustainable flood detention basins. The number of possible locations varies considerably 

among the zones, which justifies the use of an allocation model to identify the most suited 

sites at least where the range of possibilities is large (e.g. Águeda zone). In a large number 

of cases, the detention basin to install can be a flood retention wetland because the 

calculated dam wall heights are very small (≤ 4 m). Eventually, the contributing 

catchment is very large (e.g., catchments F, G, H; Figure 4.5) and therefore encloses a 

large number of urban and industrial centres. In these catchments, the high population 

densities, large economic outputs, and heavy reliance on water resources make flood 

retention and management pressing issues, and therefore flood attenuation needs to 

reconcile with human habitation (Zhang and Song, 2014, and references therein). For the 

cases of Ponte da Barca, Coimbra and Santiago do Cacém, the flood defense structures to 

build are inevitably large dams, unless non-structural measures are successfully 

implemented to reduce the dam wall. If the large dam appears to be the most feasible 

solution to control floods downstream, decision makers must be aware about the negative 

effects triggered by the construction of large dams, namely the impacts on the biotic 

diversity of riverine ecosystems (Cooper et al., 2016; Kimmel and Argent, 2016; Li et al., 

2013; Song et al., 2016; Terra and Araújo, 2011). Besides, the retention of water in a 

reservoir modifies the hydrologic regime of streams from lotic to lentic, while in general 
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this new environment causes the fall of native species and promotes the anomalous 

dissemination of exotic species more adapted to the lentic conditions (Li et al., 2013; 

Song et al., 2016). Moreover, the presence of a new artificial water body dampens the 

seasonal and inter-annual streamflow variability of rivers (Poff et al., 2007). This reduced 

variability in runoffs has been shown to increase the homogeneity of water channels, as 

well as to degrade aquatic fauna habitats (Moyle and Mount, 2007). 

The volumes of flood water to store in the detention basins are substantial: 170 

Mm3/yr, on average (Table 4.3a). This advises the use of flood water as a resource, for 

example in crop irrigation or wildfire combat. As can be noted in Figure 4.6, wild fires in 

Portugal occurred every year in the last decade and covered large portions of the territory. 

On the other hand, the areas used for irrigation agriculture are also widespread in the 

country. This is enough reason for a complementary use of flood defensive structures in 

crop irrigation and combat to forest fires. In a study about rainwater harvesting, Terêncio 

et al. (2017) refer that irrigation consumes 6730 m3 of water per hectare every year. The 

use of 170 Mm3 of flood water would make it possible to irrigate  25 270 hectares of 

cropland. The conception of flood water as a resource is receiving increased attention 

around the globe (Gain et al., 2017; Howarth, 2017). For example, in arid China, the 

application of flood water in irrigation increased the irrigated land by 287% raising the 

income from agriculture by 117%, besides other benefits such as reduction of flood 

frequency and economic damage in villages or substantial rise of the water table (Zhang 

et al., 2018). In general, the multi-label classifications of detention basins, which define 

the most suited combined uses for these infrastructures, are actively discussed for years 

(Yang et al., 2012). 
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Figure 4. 6 - Spatial distribution of agricultural areas, burned areas and wildfire risk map, in continental 

Portugal. 

Among the detention basins classified as non-sustainable, because of their larger (> 8 

m) dam heights, some (A8, B3, C2, C6, C7, E1, E3, E7 and N29) are characterized by 

modest contributing catchments (< 30 km2; on average 18.3±7.7 km2) and not very large 

heights (< 30 m; on average 19±5.7 m). Discrete values of catchment areas and heights 

are provided as Supplementary Material (S2). Notwithstanding their classification as non-

sustainable, they could be used as valuable solutions because their potential impacts on 

lake water quality and ecosystem integrity (e.g., McPhillips and Walter, 2015) would be 

spatially constrained to a small area (the ≤ 30 km2 catchment). For Coimbra and Santiago 

do Cacém zones (catchments N and C), this could be an interesting option given the lack 

of sustainable solutions in those zones (Table 4.4). It is important to highlight that more 

engineered dams may not ensure sustainability values but warrant much larger storage 

(Terêncio et al., 2018). Besides, if these catchments were fully used as flood defence 

structures they could even be emptied during the dry season to regain detention capacity 

for next humid season and simultaneously reduce the aforementioned impacts. If 

otherwise, they were used in combination with irrigation, wildfire combat or drinking 

water supply, their water level could be actively controlled with the same flood control 

and ecological objectives. The active control of water level has already been proposed as 

flood attenuation measure in drinking water reservoirs in Scotland (McMinn et al., 2010; 

Robinson et al., 2010a). 
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In the Ponte da Barca, Coimbra and Santiago do Cacém zones (J, N and E catchments 

in Figure 4.5), all detention basins were classified as non-sustainable (h > 8 m). As 

mentioned above, in some cases (E1, E3, E7 and N29) the non-sustainable basin can be a 

valuable solution, but in general, may not. The use of J, N and E catchments to install 

detention basins could nevertheless become appropriate if non-structural measures are 

implemented in the basins, such as afforestation or reforestation. Land use in the three 

critical zones is very diverse (see data in the Supplementary Material, S2): the Coimbra 

catchments are occupied by 50.1% forest, 28.7% agriculture and 21.2% other areas 

(mostly bare land), while this share is 24.1%, 71.1%, 4.8% in Santiago do Cacém and 

23.1%, 31%, 45.9% in Ponte da Barca. The (re)covering of land by forests would have to 

proceed at the expense of arable lands, in the case of Santiago do Cacém, but could occupy 

unproductive areas in the other zones. In all cases, however, afforestation or reforestation 

would reduce runoff, then the volumes of storm water to detain, and eventually the dam 

wall heights towards sustainable values. Examples of runoff or flood peak reductions as 

response to forestation are numerous in recent scientific literature (Bhattacharjee and 

Behera, 2018; Huang et al., 2018; Jamrussri and Toda, 2017; Stoffel et al., 2016; among 

others). 

Planners, stakeholders and policy makers should, therefore, consider the use of 

sustainable flood detention basins for the attenuation of floods in the critical zones of 

continental Portugal, because these green structures hold sustainability values such as 

landscape integration or environmental protection. Green infrastructures perform nature-

based solutions. These solutions for flood management can involve water retention. This 

occurs through managing infiltration and overland flow and thereby the hydrological 

connectivity between system components and the conveyance of water through it, making 

space for water storage through (UN-WATER, 2018). A huge variety of reports proposes 

nature-based solutions as a response to flood risk mitigation, such as the Flood Green 

Guide available at https://www.worldwildlife.org. This guide supports communities at a 

local level in using nature-based solutions for flood risk management and suggests that 

flood risk management measures should be site-specific, integrated and balanced across 

all sectors concerned, and based on the concept of integrated flood management. When 

turns out to be impossible the attenuation of flood risk through the installation of these 

structures, alone, then the combination of green with more engineered structures (in 

specific locations) or with non-structural measures helps to accomplish the goal. 
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It is worth to mention those dam wall heights and related types of detention basins 

were defined on the basis of historical peak flows, which do not account for the 

phenomenon of anthropogenic climate change. Increased extreme precipitation and 

discharge already detected in some catchments alerts for greater flood risks on a regional 

scale (IPCC, 2014b).  

4.7. Conclusions 

The 23 critical flood risk zones of continental Portugal were investigated in this study 

and structural mitigation measures, namely detention basins, were proposed for 15 of 

them. The sites to install the detention basins were set up on the basis of an allocation 

model hinged on the concept of flood prevention of areas at high and very high risk. A 

total of 102 sites were classified as suited to install detention basins, while 27 were further 

classified as sustainable (dam wall height – h ≤ 8 m) and the remaining 75 as non-

sustainable (h > 8 m). For the sake of comparison, a more conventional model, based on 

the prevention of floods in all potentially affected areas, was also tested. The results 

indicated a  30% reduction in the number of sustainable basins because the volume of 

storm water to retain in this case is larger than when flood prevention is solely focused 

on the areas at high and very high risk. The average h values also varied among the two 

models, being  3 times smaller when the flood risk attenuation approach was used. In 

both cases, however, an ample range of h values was estimated, covering sustainable and 

non-sustainable solutions. This interesting outcome stressed the conviction that the use 

of an allocation model is essential to correctly select the optimal sites. Despite a large 

number of suitable sites, three critical zones were related solely to non-sustainable 

detention basins, namely Ponte da Barca, Coimbra e Santiago do Cacém. Some non-

sustainable basins were considered valuable solutions because the corresponding 

contributing catchments were small (< 30 km2) confining the potentially negative impacts 

of the dams to a small area. On the other hand, the h values in these cases were not very 

high (< 20 m on average) and the water levels were proposed for seasonal control. 

However, the general recommendation as regards flood management in the 

aforementioned zones was a non-structural measure, namely catchment afforestation or 

reforestation. Another general recommendation, but extended to all zones, was the use of 

flood water as a resource, namely for irrigation or wildfire combat. It was estimated that 

the average storm water volume retained in the detention basins (170 Mm3/yr) could 
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irrigate more than 25 000 hectares of crop land every year. Overall, it was recommended 

the integration of flood risk attenuation in the critical zones, comprising sustainable 

detention basins and non-structural measures, in watershed management plans that should 

also account for increasing hydrologic climate change impacts. 

Supplementary Materials 

The following are available online at Electronic Supplementary Material.xlsx, Table 

S1—Peak flow versus risk area, Table S2: catchment data. 
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5.1. Abstract 

Common approaches to large flood management are Natural Water Retention 

Measures and detention basins. In this study, a Partial Least Squares-Path Model (PLS-

PM) was defined to set up a relationship between dam wall heights and biophysical 

parameters, in critical flood risk zones of continental Portugal. The purpose was to verify 

if the heights responded to changes in the biophysical variables, and in those cases to 

forecast landscape changes capable to reduce the heights towards sustainable values 

(e.g., <8 m). The biophysical parameters comprised a diversity of watershed 

characteristics, such as land use and geology, surface runoff, climate indicators and the 

dam heights. The results have shown that terrain slope (w > 0.5), rainfall (w > 0.4) and 

sedimentary rocks (w > 0.5) are among the most important variables in the model. 

Changes in these parameters would trigger visible changes in the dam wall height, but 

they are not easily or rapidly modified by human activity. On the other hand, the 

parameters forest occupation and runoff coefficient seem to play a less prominent role 

in the model (w < 0.1), even though they can be significantly modified by human 

intervention. Consequently, in a scenario of land cover change where forest occupation 

is increased by 30% and impermeable surfaces are decreased by 30%, interferences in 

the dam heights were small. These results open a discussion about the feasibility to 

mitigate large floods using non-structural measures such as reforestation. 

5.2. Introduction 

One of the consequences of climate change is the increase of spatial and temporal 

water variability as well as extreme events, in frequency and intensity (IPCC, 2014a; 

World Wildlife Fund, 2016). Floods are among the most destructive water-related hazards 

and are the greatest economic natural disaster that occur in Europe via damage property 

and infrastructure, as well as physical injury and loss of human lives (Raadgever et al., 

2014). Nowadays, technical means for controlling extreme floods remain limited, fosters 

a need for an ongoing paradigm shift in how to deal with floods (Roos et al., 2017). These 

difficulties powered the necessity for effective action programs driven by policy in 

Europe. According to these limitations, European Commission and the Council of the 

European Union prompted to put forward the Directive 60/2007/EC, referred to as the 

Floods Directive (EC, 2019). Its purpose is to reduce the adverse effect of floods to 

preserve human health, the environment, cultural heritage, economic activity and 
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infrastructure. According to the directive, each member state has to draw up flood risk 

maps of the river basins and associated coastal areas at risk of flooding and establish flood 

risk management plans or each catchment (EC, 2019). 

In Portugal, floods are the second most common natural disaster that cause great 

damage or loss of life. The number of disastrous floods occurred from 1865 to 2010 was 

1621 causing 1012 deaths and a partial of 522 victims (Meneses et al., 2015). In order to 

manage and mitigate these hazards, Portugal transposed this Directive into their own law 

(Decree-Law no. 115/22 October 2010) (Ministério do Ambiente e do Ordenamento do 

Território, 2010). According to the Directive goals, the Portuguese Agency for the 

Environment (APA–Agência Portuguesa do Ambiente) identified 23 flood risk zones in 

many hydrographic basins of mainland Portugal (APA, 2019). After the critical flood risk 

zones were identified, the APA elaborated corresponding cartograms of flood hazard and 

risk maps (APA-SNIAmb, 2019). Each map includes areas that may be affected by floods, 

with a return period equal or greater than 100-year and with a 10-year return period 

between high probability events (Fonseca et al., 2016). Flood risk maps characterize the 

different areas by categories, ranging from non-existent risk to very high risk. Several 

studies were carried out with the aim of flood risk mitigation and flood management 

(Barendrecht et al., 2017; Birkholz et al., 2014; Kalantari et al., 2018; Lyu et al., 2019; 

Penning-Rowsell et al., 2017).  

In order to attenuate the most significant flood impacts, instead of preventing floods 

from fully occurring, (Terêncio et al., 2019) developed a model based on retention basins, 

capable of eliminating the areas classified as risky or very risky from those maps. Flood 

Retention Basins (FRB) are essential in the effective flood management, allowing peak 

flow attenuation by temporarily storing a certain volume of stream water, and nowadays 

there exist at least six types of FRB with the purpose to assess flood-control potential 

beside other possible uses (Bellu et al., 2016a; Scholz and Sadowski, 2009; Scholz and 

Yang, 2010a). This work comprised the sequential use of engineering formulae and a 

zoning algorithm embedded in a Geographic Information System, resulting in a number 

of optimal places to install the detention basins within the critical zones, with a huge 

diversity of dam wall heights. These results could be influenced by differences in 

topography, land use, climate, geology or occupation by burnt areas among the sub-

catchments (Terêncio et al., 2019). In some critical zones, where the dam wall heights 

were rather low (<2 m), the attenuation of flood risk could be accomplished through the 
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construction of sustainable flood detention basins (Terêncio et al., 2019). Sustainable 

flood detention basins are characterized by low construction costs and landscape impact, 

and frequently can be used to create attractive leisure areas (Scholz and Sadowski, 2009; 

Scholz and Yang, 2010a). In other critical zones, flood risk attenuation could only be 

attained if dam walls were taller than 120 meters (Terêncio et al., 2019). In view of these 

results, we still lack the research into alternative solutions to the critical areas featuring 

large dams. 

Some flood protection solutions have been proposed and the most usual measures of 

protection are traditionally engineered solutions such as dams, levees and floodwalls. 

These solutions are essential to safety in many locations, although they can be expensive 

and can alter flood risk to other locations (UNEP, 2014). A solution proposed instead of 

a large dam would be to decentralize this into multiple detention basins (Bellu et al., 

2016a; Reinhardt et al., 2011), which means small dams could be easily integrated into 

the natural landscape, with low environmental impact. However, in Bellu et al., (2016a), 

it was found that this approach may be impracticable, giving rise, instead of a high dam, 

to several dams of considerable height. Whether in fluvial or pluvial flood mitigation 

approaches, other proposals to complement the structural solution include green 

infrastructure investments or Natural Water Retention Measures (NWRM), such as 

reforestation, installation of grass and riparian buffers, green roofs, porous pavement, 

urban trees, constructed wetlands, stream restoration, and best-management practices for 

agriculture and forestry (Allen et al., 2019; Kalantari et al., 2018; PGRI, 2015; L.F. 

Sanches Fernandes et al., 2015; World Wildlife Fund, 2016). These types of solutions can 

contribute to a moderation of flood events by increasing the ability of the landscape to 

store water or by increasing the ability of channels to convey flood waters. Therefore, it 

is extremely important on a watershed level to have better forest and wetland management 

that harness the natural ability of ecosystems to retain water, slowing down and absorbing 

some of the storm runoff. Forests can also help to reduce flow velocity of flood waters, 

stabilize banks, land erosion and landslides, and migration of contaminants 

(Bhattacharjee and Behera, 2018, 2017; Gartner et al., 2013; Lü et al., 2012; Pacheco et 

al., 1999; Pacheco and Sanches Fernandes, 2016; R. M.B. Santos et al., 2015; R.M.B. 

Santos et al., 2015a). 

This study aims to identify "green" protection measures, like 

reforestation/afforestation or reduction of impermeable/urban areas, complementary to 
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dam construction, that could help reducing the dam wall heights forecasted in the study 

of (Terêncio et al., 2019). As a way to test the reliability of these protection measures, a 

statistical model is used to associate the heights of the dams with the variables of forest 

cover and impermeable surfaces in order to decrease the height of the dams. The 

multivariate statistical modeling is based on Partial Least Squares–Path Modeling (PLS-

PM). The origin of PLS-PM was in the social sciences (Wold, 1966), but subsequent 

applications expanded the use of PLS-PM to other areas including the environmental 

sciences (Chenini and Khmiri, 2009; Kumar Gorai, 2015; Levêque and Burns, 2017; RUS 

and MASDUQI, 2018; Sanches Fernandes et al., 2018; Wu et al., 2014; Zou and Yu, 

1994). PLS-PM is derived from Structural Equation Models (SEM) which provide 

additional insights about the dataset’s structure, allowing us to comprehend direct as well 

as indirect interactions between numerous latent (groups of) variables (Astrachan et al., 

2014). The PLS-PM assesses the interactions through a combination of Multiple Linear 

Regression and Principal Component Analysis (Rg Henseler et al., 2014) and represents 

a substantial improvement of other multivariate statistical models also used in 

environmental analyses (Pacheco, 1998a, 1998b; Pacheco et al., 2013; Pacheco and 

Landim, 2005). 

5.3. Materials and Methods 

5.3.1. Study Area 

The study area is part of the 23 critical flood risk zones identified by the Portuguese 

Environmental Agency in continental Portugal (APA, 2014). A previous investigation in 

each zone was focused on mitigating the risk of flooding in areas of high and very high 

risk, using sustainable holding basins according to the 100-year return period 

(Supplementary Material (Table S1))(Terêncio et al., 2019). The criterion for evaluating 

the detention basins was based on Reference (Scholz, 2007), which considers as 

sustainable dam height of ≤8 m. Through this study, results were only obtained for 15 

zones and indicated the possibility to install 27 sustainable and 75 non-sustainable 

detention basins in specific catchments within the critical zones contributing watersheds. 

As can be seen in Table 5.1, of these 15 zones, eight had in their constitution non-

sustainable flood detention basins (h > 8 m) (Terêncio et al., 2019). 
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Table 5. 1 - Minimum and maximum sub-basins heights distributed by Critical Zone. 

Critical Zone Minimum Height of Sub-Basins (m) Maximum Height of Sub-Basins (m) 

Ponte da Barca 22.8 76.3 

Esposende 0.5 116.5 

Coimbra 27.0 126.6 

Águeda 0.8 57.0 

Santarém 0.5 24.6 

Tomar 4.0 22.7 

Santiago do Cacém 11.7 41.0 

Tavira 3.2 36.6 

It was verified that the most worrying areas are Ponte da Barca, Coimbra and 

Santiago do Cacém, because these do not present any sub-basins with h ≤ 8 m.  

Therefore, this study focuses on these eight critical zones (Figure 5.1) and of these, 

only two are located in international rivers (shared between Portugal and Spain), which 

are Ponte da Barca, where it integrates with the Lima River, and Santarém, which includes 

the Tagus River. The remaining six zones are located in national rivers. 

 

Figure 5. 1 - Spatial distribution of flood risk critical zones of continental Portugal. 

These Critical Zones are geographically distributed, in a rather heterogeneous way, 

throughout continental Portugal and present very different characteristics between them, 

as depicted in Table 5.2. 
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According to the classification of Köppen–Geiger, continental Portugal presents a 

Mediterranean climate. The precipitation is characterized by some frequency of very wet 

and dry years that affects the hydrological cycle and by consequence the river flows and 

water resources (Brito et al., 2015). The annual average rainfall varies from over 2000 

mm, in the northern mountains, to less than 700 mm in the southern plains of Santiago do 

Cacém. In terms of land use, it is verified that most of the zones have a percentage of 

forest areas greater than 20% with the exception of Tavira with 8%. Regarding the 

agricultural areas, the majority presents a percentage greater than forest, except 

Esposende, Coimbra and Águeda. For decades, there is an increase of population and 

economic activity intensification in coastal and river areas, especially near the flood 

plains. Despite the economic value of these areas, they are exposed to frequent floods. 

During the 1865–2010 period the number of floods that produced negative impacts was 

651, while the number of dead, injured or missing people was 546 (>3/year) and the 

number of evacuated or homeless people was 35,501 (≈250/year) (Disaster, 2008). 

According to Reference (Zêzere et al., 2014), 82% of the hydro-geomorphological events 

were floods; they were more frequent during the 1936–1967 period and occurred mostly 

from November to February.  
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Table 5. 2 - Characterization of the eight Critical Zones. 

Critical Zone 

Hydrogra

phic 

Region 

(HR) 

Area 

(km2) 

Maximum 

Elevation 

(m) 

Slope 

(%) 

Average 

Temperatur

e 

(ºC) 

Average 

Annual 

Rainfall 

(mm) 

Sedimentary 

Rocks (%) 

Igneous 

Rocks 

(%) 

Metamorphic 

Rocks (%) 

Forest 

Area 

(%) 

Agricultural 

Area (%) 

Ponte da Barca HR1 523 1401 21 12 2370 0 99 1 25 31 

Esposende HR2 1549 1513 17 13 2100 0 49 51 28 22 

Coimbra HR4 4925 1993 14 14 1214 9 52 39 49 29 

Águeda HR4 417 1043 19 14 1786 0 36 64 68 22 

Santarém HR5 19224 1988 9 15 856 44 41 15 38 42 

Tomar HR5 1044 394 8 17 1059 88 12 0 29 42 

Santiago do 

Cacém 
HR6 1416 360 3 16 662 54 45 1 24 71 

Tavira HR8 223 507 12 18 730 56 43 1 8 52 
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5.3.2. Workflow 

The workflow model unfolds in two steps, as can be seen in Figure 5.2. In Step 1, a 

range of variables is selected that influences the dam storage. This set of parameters 

comprises the characteristics of the hydrographical basins, climate indicators, surface 

runoff, geology and land use. Then, the relationship between these variables is defined 

using the Partial Least Squares-Path Modeling method (PLS-PM). 

 

Figure 5. 2 - Conceptual workflow. The detailed explanation is provided in the text. 

The rationale and inventory of variables used in PLS-PM followed the guidelines of 

an antecedent work (Terêncio et al., 2019). In Step 2, the model equations derived from 

Step 1 were used to analyse scenarios of dam-height variation in response to anticipated 

land cover changes mostly related with forest spreading and reduction of impermeable 

surfaces. 

5.3.3. Partial Least Squares-Path Modeling 

Partial Least Squares (PLS) models, originally developed by Herman (Henseler et al., 

2016; Wold, 1980, 1966) and Reference (Lohmoller, 1988), are powerful tools for 

analysing multivariable data (Martens and Næs, 1984). Considered as a soft modeling 

approach, Partial Least Squares-Path Modeling (PLS-PM) is a statistical model where no 

strong assumptions, with respect to the distributions, the sample size and the measurement 
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scale, are required (Cataldo, 2016). It is used to model causal paths among blocks of 

variables called latent variables (LV) (Sanches Fernandes et al., 2018). A PLS-PM 

consists of two elements (Figure 5.3), the outer/measurement model, which describes the 

relationships between the measured variables (MV) and their respective LV (i.e., the 

loadings and weights), and the inner/ structural model, which describes the relationships 

between the LV (i.e., the path coefficients) (Cataldo, 2016; Rg Henseler et al., 2014). The 

connections among LV are quantified thorough path coefficients (PC) while the 

connections between LV and MV are quantified through weights (w) (Rg Henseler et al., 

2014). For each regression in the structural model, the amount of variance in the 

dependent latent variable (also called endogenous) explained by its independent latent 

variables (exogenous), is indicated by the coefficient of determination (R2). The influence 

of exogenous on endogenous latent variables is represented by direct or indirect path 

coefficients, depending on the number of paths linking them (Ali and Cobanoglu, 2016; 

Sanches Fernandes et al., 2018). As can be seen in Figure 5.3, LVb has just a direct 

influence on LVc, which is PCb-c, while LVa has direct (PCa-c) as well as indirect (PCa-b, 

PCb-c) influences. According to (Garson, 2016), the indirect influence is the product of 

corresponding direct influences (i.e., PCa-b×PCb-c) and the total influence is the sum of 

direct and indirect influences (i.e., PCa-c + PCa-b×PCb-c). 

 

Figure 5. 3 - Example of a PLS-PM Design. Symbols: MV—measured variables; LV—latent variables; 

w—weights; l—loadings; PC—path coefficients; R2—coefficient of determination. 

The measured (e.g., LVm, Equation (5.1)) and predicted (e.g., LVp,c; Equation (5.2)) 

scores of an LV are calculated as follows: 
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𝐿𝑉𝑚 =∑(𝑀𝑉𝑖 × 𝑤𝑖)

𝑛

𝑖=1

 
(5.1) 

𝐿𝑉𝑝,𝑐 = 𝐿𝑉𝑚,𝑎 × 𝑃𝐶𝑎−𝑐 + 𝐿𝑉𝑚,𝑏 × 𝑃𝐶𝑏−𝑐 (5.2) 

The PLS-PM models can be reflective, formative or MIMIC (a mixture of the reflective 

and formative) (Cataldo, 2016). A path model is considered reflective if in the path diagram 

the arrows go from the LV (factor) to the MV, in other words the LV are considered as the 

cause of the MF. On the other hand, in a formative model the arrows go from the observed 

measures to the LV, which means that the MV are considered to be the cause of the LV 

(Garson, 2016; Kumar Gorai, 2015; Monecke and Leisch, 2012). In the present study, PLS-

PM was used as MIMIC model, being implemented in the SMART-PLS software (Ringle 

et al., 2015). 

5.3.4. Data Preparation 

The PLS-PM input data came from an Excel worksheet comprising n rows and p 

columns, where n represents the number of sub-basins and p the number of measured 

variables. Following the results obtained by the work of (Terêncio et al., 2019), 75 non-

sustainable sub-basins (n) were selected. These sub basins were delineated using the 

ArcHydro (ESRI, 2012) software and defined according to the (Scholz and Sadowski, 

2009) classification, which uses height (h) as a key classification variable of flood 

detention basins, where the structure is sustainable when h < 8 m and non-sustainable 

when h > 8 m. A summary of the Measured Variables usage and sources of information 

is depicted in Table 5.3. The data for the Excel worksheet was prepared in ArcMap (ESRI, 

2010) computer package, used in numerous environmental studies (e.g., Fernandes et al., 

2018; Ferreira et al., 2017; F. A.L. Pacheco et al., 2015; Pacheco, 2015; Pacheco et al., 

2018; Pacheco and Alencoão, 2006; Pacheco and Szocs, 2006; Pacheco and Van der 

Weijden, 2014b, 2012a; Pacheco and Van Der Weijden, 2002; Sanches Fernandes et al., 

2014, 2011; R.M.B. Santos et al., 2015a; Santos et al., 2017; Terêncio et al., 2018, 2017a; 

R.F. Valle Junior et al., 2015; Renato F. Valle Junior et al., 2015). 
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Table 5. 3 - List of measured variables used as source data for Partial Least Squares–Path Modeling 

(PLS-PM). Besides identification of variables, their measurement units and description, the table 

contains indications about usage in the PLS-PM models and on the data sources. 

Measured 

Variable 
Units Description Source 

Maximum 

Elevation 
m 

Maximum elevation obtained from analysis 

of a Digital Elevation Model (DEM) 
http://www.dgterritorio.pt/  

Slope % 
Hillside slopes obtained from analysis of a 

Digital Elevation Model (DEM) 
http://www.dgterritorio.pt/  

Temperature  °C Average Annual Temperature http://www.apambiente.pt  

Rainfall mm/year Total annual precipitation http://www.apambiente.pt  

R  Precipitation Erosivity http://www.apambiente.pt  

Drainage 

Density 
km/ km2 

The drainage index explains the complexity 

and degree of development of a watershed’s 

drainage system. 

http://geo.snirh.pt/AtlasAgua/  

Surface Flow m3/s Annual Average Values http://geo.snirh.pt/AtlasAgua/  

Curve Number 

(CN) 
Dimensionless 

Empirical parameter used in hydrology for 

predicting direct runoff or infiltration from 

rainfall excess 

http://geo.snirh.pt/AtlasAgua/  

IMD  Dimensionless 

Imperviousness ratio - Relationship between 

the percentage of change soil sealing and the 

basin area (more information is provided as 

Supplementary Material (S2)). 

https://www.copernicus.eu/  

Surface Runoff mm 

Quantity of water in the hydrographic 

network - precipitation-drainage model 

according to Temez model. 

http://geo.snirh.pt/AtlasAgua/  

Sedimentary 

Rocks 
km2/km2 

Percentage of sedimentary rocks in the 

basin. 
http://www.apambiente.pt  

Igneous Rocks km2/km2 Percentage of igneous rocks in the basin. http://www.apambiente.pt  

Forest  km2/km2 
Percentage of area covered with forest land 

uses. 
http://www.dgterritorio.pt/  

Agricultural km2/km2 
Percentage of area covered with agriculture 

land uses. 
http://www.dgterritorio.pt/  

Shape 

coefficient (Kf) 
Dimensionless 

Is the relationship between the mean width 

of the basin and its axial length. 

Equations (5.2) and (5.3) and 

related data 

Compactness 

coefficient (Kc)  
Dimensionless 

Relationship between the Perimeter P and 

the circumference of an equal area circle A, 

with radius r of the basin. 

Equations (5.2) and (5.3) and 

related data 

Dam Height m Calculated dam wall height. Terêncio et al., 2019 

For each sub-basin, the mean values of the measured variables were calculated. In the 

cases that the variables were collected as raster files from the original sources, the 

calculation of mean values resorted to the Zonal Statistics as Table (ZST) tool of ArcMap 

program. The variables land use (agricultural and forest areas) and geology (sedimentary 

and igneous rocks) were intersected with the sub-basins' shapefile to obtain the coverage 

of each use and geology in percentage of sub-basin area using the Tabulate Intersection 

(TI) tool. The percentage of conflict area in each sub-basin was directly incorporated into 

the Excel worksheet skipping the use of ZST tool. The shape coefficient (Kf; Equation 

(5.3)) and the compactness coefficient (Kc were calculated according to the following 

equations, respectively: 

http://www.dgterritorio.pt/
http://www.dgterritorio.pt/
http://www.apambiente.pt/
http://www.apambiente.pt/
http://www.apambiente.pt/
http://geo.snirh.pt/AtlasAgua/
http://geo.snirh.pt/AtlasAgua/
http://geo.snirh.pt/AtlasAgua/
https://www.copernicus.eu/
http://geo.snirh.pt/AtlasAgua/
http://www.apambiente.pt/
http://www.apambiente.pt/
http://www.dgterritorio.pt/
http://www.dgterritorio.pt/
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 (5.3) 

where A (km²) is the sub-basin area, L (km) is the sub-basin length measured along the 

main water course, and P (km) the sub-basin perimeter. 

5.3.5. Scenario Analysis 

Flood Risk Management Plans (FRMP) have planned to manage flood risk through 

prevention, preparation, protection, recovery and learning measures. The first working 

scenario in this study fits in the protection measures, which fall within the scope of 

reducing the magnitude of the flood, sometimes by attenuating the flood flow or by 

reducing the height or flow velocity (PGRI, 2015). Contrarily to structural measures (e.g., 

construction of dike and dams capable of damping the flood hydrograph), non-structural 

measures termed green infrastructures (Natural Water Retention Measures–NWRM) are 

a priority. In this first scenario, the forest area will be increased in order to restore and 

maintain the aquatic and riparian ecosystems, to promote infiltration and reduce the 

surface runoff, and expectedly to decrease the height of the dams. Another scenario of 

land use change is proposed, where the intention is to analyze how the dam height 

responds when the percentage of agricultural areas is changed. This scenario relates to 

the public concern about the anthropogenic occupation of floodplains, which has already 

triggered political decisions for the medium and long terms, involving the relocation of 

infrastructures, control in the occupation of these areas, and increase of their resilience to 

floods (PGRI, 2015). According to these alternatives, the second scenario changes land 

use and occupation in the sub-basins by reducing their imperviousness index (IMD). 

Therefore, it is intended to verify if the decrease of impermeable zones, which boost 

runoff, influences the dam height in a significant way. 

5.5. Results 

5.5.1. General Description of Spatial Data 

The spatial distributions of all measured variables are illustrated in the maps of Figures 

5.4–5.7. The watershed characteristics are illustrated in Figure 5.4. The CN values (Figure 
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5.4a), which predict direct runoff or infiltration from rainfall excess, tend to be large in 

all sub-basins, and in some zones can be larger than 75. The drainage density (Figure 

5.4b), which measures the complexity and development of the watershed's drainage 

system, is high in all zones and their sub-basins (CN > 3.5 km/km2), meaning that they 

are exceptionally well drained. As can be seen in Figure 5.4c, the slope in the 

northernmost areas of the country is higher. Coimbra is quite heterogeneous because it 

comprises sloping areas such as the Serra da Estrela and flat areas such as Santa Comba 

Dão. Santarém presents a considerable slope due to its proximity to the Serra da Estrela. 

The slopes are less pronounced to the south of Portugal, except in Tavira where the 

proximity to the Caldeirão Mountains makes the sub-basins steeper. The maximum 

altitudes (Figure 5.4d) are higher in the northern areas of mainland Portugal and decrease 

to the south, except for the region between Santarém and Coimbra where the Serra da 

Estrela is located. The kc values in Figure 5.4e are higher than 1.5, which means that all 

sub-basins are moderately flood-prone. The values of kf can be seen in Figure 5.4f. 

Central Portugal is characterized by lower kf, while basins with smaller shape factors have 

a lower tendency to originate floods. 

The spatial distributions of land use and geology are illustrated in Figure 5.5. The 

values of IMD ratio (Figure 5.5a) are lower in the more urban impermeable areas. As 

regards the use for agriculture or occupation by forest (Figure 5.5b,c) the areas are both 

small in Ponte da Barca and Esposende. In Águeda and Coimbra, the percentage of 

agricultural area is low but the percentage of forest area is considerable. In Santarém, the 

forest area is larger than the area used for agriculture, while in Tomar the situation is 

reversed. Santiago do Cacém and Tavira, in general, present a large percentage of 

agricultural area and low percentage of forest area. As regards geology (Figure 5.5d,e), 

the sedimentary rocks prevail in zones closer to the coast, namely Tomar, Santiago do 

Cacém and Tavira. The Igneous Rocks are well represented in the centre and south zones 

of the country. 
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Figure 5. 4 - Spatial distribution of Watershed Characteristics. Only the variables used in the PLS-PM 

analyses are represented, namely: (a) CN – curve number; (b) drainage density; (c) terrain slope; (d) 

maximum watershed elevation; (e) KC - compactness coefficient; (f) KF – shape coefficient. 

 

Figure 5. 5 - Spatial distribution of Land Use and Geology parameters. Only the variables used in the 

PLS-PM analyses are represented, namely: (a) IMD- Imperviousness ratio; (b) percentage of agricultural 
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area in watershed; (c) percentage of forest area in the watershed; (d) percentage of sedimentary rocks 

area in the watershed; (e) percentage of igneous rocks area in the watershed. 

In Figure 5.6 the climate indicators can be visualized. Regarding rainfall erosion 

(Figure 5.6a), the most affected areas are Ponte da Barca, Esposende, Águeda and Tavira. 

With regard to total annual precipitation (Figure 5.6b), the trend is to decrease from north 

to south of the country. The temperature (Figure 5.6c) increases from north to south, 

except for some sub-basins of Coimbra and Tomar that present values similar to the zones 

of the south. 

 

Figure 5. 6 - Spatial distribution of climate indicators. Only the variables used in the PLS-PM analyses 

are represented, namely: (a) rainfall erosivity; (b) annual rainfall; (c) mean annual temperature. 

Runoff (Figure 5.7a,b) follows the downward trend from north to south. The spatial 

distribution of the dam heights is illustrated in Figure 5.8. The figure shows that the areas 

with the greatest heights are Esposende and Coimbra, where dam heights can exceed 80 

m. Ponte da Barca also presents some sub-basins with heights between the 60 and 80 m. 

In Águeda and Santiago do Cacém the heights do not exceed 60 m while in the remaining 

zones the heights are ≤40 m. 
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Figure 5. 7 - Spatial distribution of Surface Runoff. Only the variables used in the PLS-PM analyses are 

represented, namely: (a) Surface flow expressed as total surface discharge (m3/s); (b) surface runoff 

expressed as surface discharge normalized by catchment area. 

 

Figure 5. 8 - Spatial distribution of dam wall height. 
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5.5.2. Results of Partial Least Squares-Path Modelling 

The PLS-PM model for the eight Critical Zones, more specifically the 75 sub-basins 

with dam height >8 m is provided as Supplementary Material (Table S3) and was 

compiled from the previous work by (Terêncio et al., 2019). This model relates the MVs 

to their LVs through the MIMIC approach, i.e., through a mixture of reflective and 

formative models (Cataldo, 2016). The reflective model requires an assessment of 

reliability and validity to support the inclusion of construct measures in the path model 

(Ali and Cobanoglu, 2016). Reliability was measured by the Dillon–Goldstein Rho, 

which must be larger than 0.7 (Cataldo, 2016). Validity was confirmed by the Average 

Variance Extracted (AVE), which must be larger than 0.5 (Ali and Cobanoglu, 2016). 

The formative model requires an assessment of multi collinearity among measured 

variables through analysis of variance inflation factors (VIF), which must be lower than 

5 for predictive purposes (Garson, 2016). 

The reliability, validity and VIF constraints were confirmed in this study. The PLS-

PM model is portrayed in Figure 5.9. The variances explained by the model are high for 

the endogenous LV "Surface Runoff" (R2 ≈ 0.9) but relatively low for the LV "Dam 

Height" (R2 ≈ 0.3). Despite the low score of LV "Dam Height" the model is robust and 

reliable because the sample is large. All the path coefficients expose positive causal 

effects with the LV "Dam Height", except the LV “Climate Indicators” which are 

negative. The weights of most MVs are positive, which means that the LVs increase for 

increasing values of their formation variables. The negative weights mean that the 

increase of correspondent MVs contribute to the decrease of dam height.  
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Figure 5. 9 - PLS-Path Model used in the present study to set up causal effects between watershed 

characteristics, surface runoff, climate indicators, land use and geology and dam wall height. 

The imperviousness index (w = 0.349) and sedimentary rocks (w = −0.541) are the 

MVs contributing stronger to the formation of LV “Land use and Geology”, due to their 

larger weights. Slope (w = 0.584), Surface Flow or Runoff (w = 0.516 and w = 0.505) and 

Rainfall (w = 0.442) are other measured variables that contribute strongly to the formation 

of their respective LVs. The Equations (5.4)–(5.8) describe the outer model for 

“Watershed Characteristics”, “Land Use and Geology”, “Runoff”, “Climate Indicators” 

and “Dam Height”, respectively. 

𝑊𝑎𝑡𝑒𝑟𝑠ℎ𝑒𝑑 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝑠

= 𝐶𝑁 × (0.028) + 𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 × (0.247) + 𝐾𝑐  × (−0.235)

+ 𝐾𝑓 × (0.008) + 𝑀𝑎𝑥. 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 × (0.371) + 𝑆𝑙𝑜𝑝𝑒 × (0.584) 

(5.4) 

𝐿𝑎𝑛𝑑 𝑈𝑠𝑒 𝑎𝑛𝑑 𝐺𝑒𝑜𝑙𝑜𝑔𝑦

= 𝐴𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑎𝑙 × (−0.286) + 𝐹𝑜𝑟𝑒𝑠𝑡 × (−0.027) + 𝐼𝑀𝐷 × (0.349)

+ 𝐼𝑔𝑛𝑒𝑜𝑢𝑠 𝑅.× (0.305) + 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑅.× (−0.541) 

(5.5) 

𝑅𝑢𝑛𝑜𝑓𝑓 = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐹𝑙𝑜𝑤 × (0.516) + 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑅𝑢𝑛𝑜𝑓𝑓 × (0.505) (5.6) 
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𝐶𝑙𝑖𝑚𝑎𝑡𝑒 𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟𝑠

= 𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙 𝐸𝑟𝑜𝑠𝑖𝑣𝑖𝑡𝑦 × (0.325) + 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 × (−0.369)

+ 𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙 × (0.442) 

(5.7) 

𝐷𝑎𝑚 𝐻𝑒𝑖𝑔ℎ𝑡 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 = 𝐷𝑎𝑚 𝐻𝑒𝑖𝑔ℎ𝑡 × (1.000) (5.8) 

Equations (5.9) and (5.10) describe the inner model for “Runoff” and “Dam Height”.  

𝑅𝑢𝑛𝑜𝑓𝑓 = 𝑊𝑎𝑡𝑒𝑟𝑠ℎ𝑒𝑑 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝑠 × (−0.020) + 𝐶𝑙𝑖𝑚𝑎𝑡𝑒 𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟𝑠

× (0.987) 
(5.9) 

𝐷𝑎𝑚 𝐻𝑒𝑖𝑔ℎ𝑡 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛

= 𝑊𝑎𝑡𝑒𝑟𝑠ℎ𝑒𝑑 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝑠 × (0.209) + 𝐿𝑎𝑛𝑑 𝑈𝑠𝑒 𝑎𝑛𝑑 𝐺𝑒𝑜𝑙𝑜𝑔𝑦

× (0.494) + 𝑅𝑢𝑛𝑜𝑓𝑓 × (0.648) + 𝐶𝑙𝑖𝑚𝑎𝑡𝑒 𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟𝑠 × (−0.796) 

(5.10) 

5.5.3. Forecasted Dam Heights–Scenarios 

Among the protection measures outlined in the Portuguese Hydrographic Region 

Management Plans (https://www.apambiente.pt/), actions are present that rely on 

structural interventions (for example, construction of dams with damping capacity of the 

flood hydrograph), but other solutions are also indicated that are based on green measures 

(Natural Water Retention Measures–NWRM). Therefore, in order to explore the 

possibility to reduce the dam wall heights, three land-use-change scenarios were tested 

that predicted forest + agriculture area increase and imperviousness (IMD ratio) decrease. 

The scenarios were formulated according to the possibility to retain a part of runoff, 

increasing the retention capacity of catchments by enlarging the forested and agricultural 

areas or reducing imperviousness in the urban areas. The detailed scenario analysis is 

presented in Table 5.4. The results show that in response to increasing forest and 

agricultural areas, the heights of the dams decrease, but not substantially because the 

heights remained very high, hampering the possibility of using green measures as a 

complement to the structural measures. The same happens with imperviousness. When it 

decreases the heights also decrease but residually. On average, the heights decrease 0.37% 

in the forest first scenario, 1.4% in the forest second scenario, 0.3% in the IMD third 

scenario, 0.9% in the fourth IMD scenario, and finally the heights decrease ≈7% in the 
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fifth scenario. This last scenario is only hypothetical and theoretical because it may not 

be possible to make it real. 

5.6. Discussion 

The Floods Directive (Directive 2007/60/EC) encouraged the EU member states to 

evaluate areas at risk of flooding, to map the flood extent, assets and human lives at risk 

in these areas, and to take adequate and coordinated measures to reduce flood risk. Some 

reports assure that climate change may result in sea-level rises, which are expected to 

induce more extreme weather events and increased flood risks as a consequence (IPCC, 

2014a; Raadgever et al., 2014). Therefore, it is important for EU member states to take 

into consideration climate change as well as sustainable land use practices in flood risk 

management (Directive 2007/60/EC, 2007). Bearing in mind this concern, the prime 

objective of this research was to develop a statistical model that establishes a relationship 

between biophysical parameters of catchments and dam wall height. This relationship 

aimed to find a route to reduce the dam wall height through changes in potentially 

modifiable parameters such as land use in rural areas and imperviousness in urban centers. 

A successful relationship would allow controlling floods with sustainable (small height) 

detention basins. 
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Table 5. 4 - Results of scenario analysis in the 75 sub-basins of the eight critical flood risk zones. 

Critical 

Flood 

Risk 

Zones 

No of 

Sub-

basins 

Average Height 

Predicted by the Model 

(m) 

1st Scenario 

(+30% of Forest Areas) 

2nd Scenario 

(+100% of Forest Areas) 

3rd Scenario 

(−30% of Impermeable 

Areas) 

4th Scenario 

(−100% of Impermeable Areas) 

5th Scenario  

(−50% of Slope) 

Minimum 

Height 

(m) 

Maximum 

Height 

(m) 

Minimum 

Height 

(m) 

Maximum 

Height 

(m) 

Minimum 

Height 

(m) 

Maximum 

Height 

(m) 

Minimum 

Height 

(m) 

Maximum 

Height 

(m) 

Minimum height 

(m) 

Maximum 

Height 

(m) 

Minimum 

Height 

(m) 

Maximum 

Height 

(m) 

Águeda 9 39.77 60.93 39.51 60.56 38.91 59.71 39.76 60.79 39.74 60.48 37.09 55.01 

Coimbra 30 31.09 114.61 31.02 114.26 30.85 113.45 31.09 100.43 31.08 67.35 28.74 110.8 

Esposende 4 44.33 61.44 44.16 61.31 43.76 61.00 44.32 61.39 44.30 61.26 40.94 56.49 

Ponte da 

Barca 
10 46.56 68.38 46.54 68.27 46.50 68.00 46.48 68.12 46.31 67.53 43.52 61.62 

Santarém 1 48.44 48.44 48.21 48.21 47.68 47.68 48.44 48.44 48.44 48.44 44.49 44.49 

Santiago 

do Cacém 
13 11.51 36.33 11.48 36.30 11.42 36.21 11.36 35.57 11.02 34.73 11.06 35.42 

Tavira 6 15.61 43.32 15.57 43.32 15.47 43.31 15.59 43.14 15.54 42.70 13.21 40.04 

Tomar 2 21.32 22.30 21.21 22.28 20.96 22.24 21.32 22.25 21.32 22.12 19.22 20.16 
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Examples of runoff or flood peak reductions in response to forestation are numerous 

in recent scientific literature. For example, vegetation cover in the upper Du watershed in 

China was significantly improved after the implementation of the Grain-for-Green project 

(Huang et al., 2018). An analysis of variance indicated that reforestation resulted in a 

significant reduction in runoff and sediment transport. Another study in the Chao Phraya 

River Basin and based on numerical models (Jamrussri and Toda, 2017) showed that 

specific non-structural measures (reforestation, wetlands, and the combination of both) 

had considerable potential to reduce peak discharges and flood volumes. Indeed, it was 

suggested that integration of these proposed non-structural flood countermeasures with 

the existing countermeasures in the Chao Phraya River Basin would be the most practical 

way to cope with the challenges of future flood disasters. Bearing in mind these results, 

an expectable outcome from our modeling exercise would be a substantial reduction of 

dam wall heights in response to changes in land use of catchments. However, that did not 

occur. In most critical zones of continental Portugal, the flood control based on structural 

measures relied on construction of medium to large structures, namely dams with 9 to 

127 m high walls. In order to reduce these values and convert these engineering structures 

into sustainable detention basins, all variables that influence flood volumes were studied 

through a PLS-PM statistical model. The results have shown that Slope (w > 0.5), Rainfall 

(w > 0.4) and Sedimentary Rocks (w > 0.5) are the most weighted measured variables in 

the model. These results mean that these measured variables are the ones contributing 

most to the dam wall height variation, but these variables cannot be easily changed, at 

least by human intervention. On the other hand, the measured variables Curve Number, 

Kf and Forest seem to play a less prominent role in the model (w < 0.1), in spite of their 

probable modification by man. In order to achieve our objective, the first scenarios added 

30% to forest areas and reduced 30% of impermeable zones, but the PLS-PM model 

indicated that these measured variables barely interfere in the decrease of the heights. In 

a second round, unrealistic values such as doubling the forest areas or eliminating the 

impermeable surfaces were tested, but reduction of the heights was not enough to bring 

them to sustainable values according to (Scholz, 2007). Finally, when slope, rainfall or 

flow have changed, which are variables that humans can barely interfere, the heights have 

dropped moderately (e.g., ≈7% for 50% of slope decrease). 

Some studies have already suggested that land cover is apparently ineffective at 

regulating floods larger than the 10-year flood (Mogollón et al., 2016). In a study in North 
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Carolina spanning the 1930–2000 period, Lecce and Kotecki (Lecce and Kotecki, 2008) 

found no relation between human-induced land cover changes and flood severity in their 

analysis of relations among river flow, population growth, number of housing units, and 

area under cultivation. On the other hand, catastrophic floods in China have led to 

investments in costly reforestation projects, with little evidence of their effectiveness in 

reducing floods (Trac et al., 2007). Large floods seem to be determined by other large-

scale drivers such as precipitation and temperature (Sagarika et al., 2014), being 

inherently linked to the return period concept in the case of precipitation. Various authors 

suggest that natural and anthropogenic features can alter flood characteristics, but these 

influences decrease as flood-return period increases (Eng et al., 2013; Kundzewicz, 

1999). For example, while working in a small watershed in Georgia, Magilligan and 

Stamp (Magilligan and Stamp, 1997) reconstructed past land cover and modelled 

hydrologic alterations derived therefrom, recognizing greater temporal variability among 

two-year floods than among 100-year floods. Two studies carried in forested watersheds 

(Hawley and Bledsoe, 2011; Sturdevant-Rees et al., 2001) found no evidence of reduced 

peak runoff volumes for the 100-year flood. Therefore, large floods may not be managed 

effectively by manipulating landscape structure, for example through reforestation 

(Mogollón et al., 2016). For large floods, the solution may inevitably require the 

installation of flood detention basins and may even need to disperse the big flood into 

many small floods through simultaneous control of stream flow at various river sections 

within the watershed (McMinn et al., 2010; Robinson et al., 2010a; Scholz and Yang, 

2010a). Eventually, the conjunctive management of floods using structural and non-

structural measures is the best route to follow in most cases, as proposed in this study. 

5.7. Conclusions 

A previous study was carried out on the 23 critical flood risk zones of continental 

Portugal, where structural measures, namely detention basins, were proposed for 

installation in 15 of them. In eight of these zones the dams were rather high (> 8 m); all 

variables that could influence the dam height were assembled and studied in the present 

research. A PLS-PM model was developed, whereby a relationship was established 

between these measured variables and the dam-wall heights. The aim was to verify if 

changes in specific catchment variables, such as forest occupation or imperviousness of 

urban areas, would result in lower heights. With a 30% increase in forested areas, the 

heights fell, but insignificantly. On average, the heights dropped about 0.2 m. The same 
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happened when impermeable zones were reduced by 30%. In this case the heights 

decreased 0.2 m on average. Even when the tested scenarios were unrealistic (for 

example, double the forest areas), the heights did not fall significantly and remained very 

high. Finally, even when the predictions were based on variables that can barely be 

changed through human intervention (for example, reducing average catchment slope) 

the heights did not go down to values of sustainable detention basins (e.g., ≤8 m). These 

results open a discussion on whether large floods can be effectively managed by 

manipulating landscape structure, for example through reforestation. 

Supplementary Materials 

The following are available online at http://www.mdpi.com/2073-4441/11/4/684/s1, 

Table S1—dam wall heights required to minimize high and very high flood risks in 

critical zones of continental Portugal, estimated by (Daniela P. S. Terêncio et al., 2019), 

Table S2: Data on Imperviousness ratio (relationship between the percentage of change 

soil sealing and the basin area), Table S3: PLS-PM data. 
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General conclusions 

The combat to water availability problems is urgent because the pressure on water 

resources has increased tremendously in the last half century, while the seasonal shortages 

became more frequent and stressful. There are also more extreme events now than in the 

near past, namely floods. This should be a set off to seek for tools that help water 

resources management through increasing water use efficiency, but also to look for 

defence strategies to mitigate water-related hazards. 

During this PhD working period, an in-depth study was developed about improved 

methods to harvest rainwater in small dams and control runoff in sustainable detention 

basins. The option for small dams was related with the purpose to identify places for 

rainwater storage that could be used as sustainable sources of water for irrigation end and 

other uses. These models wold be properly placed in headwater places were water quality 

is best and the installation of dams would minimize eventual negative effects on stream 

ecology. The method focused on rainwater harvesting (RWH) was published and tested 

in a river basin with the purpose to improve water use efficiently in agro-forestry 

applications. The runoff control method was used to forecast flood attenuation in critical 

zones of Portugal. In both cases, it was possible to reach some noticeable conclusions that 

met the study’s main objectives. Thus, the major conclusions of this study are presented 

in the following paragraphs. 

With regard to the goal of storing rainwater in catchments using small dams, an 

original model was developed to find optimal RWH locations. This model adds up new 

components and operating settings to existing algorithms, namely the so-called 

“allocation workflow” and flexible weights used in a Multi-Criteria Analysis (MCA) 

involving physical, socio-economic and ecologic parameters. The model also ensures 

enough volumes of stored rainwater for specific agricultural and forest applications, 

namely irrigation and wildfire combat. The RWH suitability model was used to plan the 

irrigation of a large arable land located in a contaminated watershed (the Ave River basin, 

Portugal). The choice of specific socio-economic parameters that worked as model 

constraints allowed the selection of optimal places away from urban centres or large 

farming areas, mostly located in high altitude headwater catchments. The results obtained 

for the studied watershed also highlighted the importance of local settings when the 

application areas are pre-defined. For example, the best catchment to install the RWH 
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dam was not the most suited to collect rainfall but the closest to the irrigation area and 

capable of integrating a small dam wall height. The results of this study can assist 

politicians and water planners in their quest for good quality water to be used in 

agriculture. 

The previous model was improved by redirecting the research to the balance between 

sustainability values and storage capacity of RWH systems. The practice of RWH at the 

catchment scale is frequently concerned with ecological sustainability values, namely 

through the aesthetic landscape enhancement. To naturally cope with these values, RWH 

dam wall heights must not exceed ≈3 m. The raised question was if these systems are 

capable to store enough water when a fixed volume of this resource is required, for 

example in the irrigation of a crop area with a pre-defined dimension. To answer the 

question, the improved model was tested in the Sabor River Basin where the balance 

between sustainability and storage capacity of RWH systems was explored. It was clearly 

demonstrated that 3m-high dams are capable to support domestic or small community 

agriculture, with irrigation areas less than 10 ha, or to assist in the combat to small forest 

fires. More demanding irrigation projects inevitably require the storage of harvested 

rainwater in more engineered structures.   

With the focus centred on the mitigation of extreme events, a flood attenuation model 

was developed based on Sustainable Detention Basins (SDB). As with the RWH 

allocation model, dam wall heights played a role in the SDB model but now the purpose 

was to evaluate the sustainability of flood control solutions. The SDB method was tested 

at the national scale of continental Portugal within the framework of Directive 

60/2007/EC (Floods Directive) in the course of which Flood Risk Management Plans 

were developed for 23 critical flood risk zones. The SDB model estimated volumes of 

stream water to store, capable to reduce flood risk to moderate or lower levels, making a 

note that these volumes can be much smaller than the entire volume of a flood event. The 

option for reducing flood risk instead of flooding allows the construction of smaller 

(sustainable) detention basins. The results obtained where reliable flood risk data were 

available to test the model, demonstrated the possibility to use of sustainable basins in 12 

critical zones, while for other 3 zones flood control was possible exclusively with non-

sustainable (engineered) basins. To mitigate the impacts of non-sustainable 

infrastructures, non-structural measures were recommended, namely the afforestation or 

reforestation of catchments. Another general recommendation, but extended to all zones, 
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was the use of flood water as a resource, namely for irrigation or wildfire combat. The 

calculated storm water volume stored in the detention basins was on average 170 Mm3/yr 

and could potentially be used to irrigate more than 25 000 hectares of cropland every 

year. Overall, it was recommended the integration of flood risk attenuation in the critical 

zones, comprising sustainable detention basins and non-structural measures, as part of 

watershed management plans that should also account for increasing hydrologic climate 

change impacts. 

In the 8 critical zones where flood control might need the construction of non-

sustainable detention basins, namely where the estimated dam wall height was > 8 m, the 

study was extended to verify if changes in specific catchment variables, such as forest 

occupation or imperviousness of urban areas, would result in lower dam heights. 

Verification was based on the application of a partial least squares – path model (PLS-

PM) to a list of variables that could influence the dam height. The forecasted changes in 

the catchment variables comprised 30% increase in forest areas or 30% decrease in 

impervious urban areas, in a scenario considered realistic. Other purely academic 

scenarios were also tested, comprehending, for example, the duplication of forest areas 

or the reduction of catchment slope. In all cases, however, the dam wall heights did not 

fall significantly and remained very high. Thus, for the control of large floods, which 

involve the temporary storage of large water volumes, the solution may inevitably require 

the installation of large dams. 

Having published the studies on rainwater harvesting and flood control, the general 

conclusion or message to announce is: adapt water resources management to changes in 

our territory. Besides, in order to avoid human, heritage and economic damages related 

to seasonal water scarcity or extreme events such as droughts and floods, it is necessary 

to make decision makers aware about the importance of a responsible and sustainable 

land planning. 

Future works 

The growing pressures on freshwater and catchments call for improved water 

resources planning and management. The most efficient way to accomplish this goal is to 

understand how catchments respond to anthropogenic activities and climate change 

through performing hydrologic studies at this scale. Subsequently, the results of 
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knowledge derived from these studies could integrate decision support systems based on 

the proposed methodologies.  

Based on knowledge and experience from this research project, one can propose future 

works on the following topics:  

1. Test the PLS-PM model, which handles non-structural measures of flood 

control (such as reforestation, reduction of impervious urban areas, etc.), in 

scenarios of recurrent small floods. We used this type of approach to forecast the 

possibility of using non-structural measures of large flood control with little 

success but it is our intention to verify the possibility of using these measures in 

small flood control; 

2. Integrate city-scale flood control structures, such as rainwater storage 

reservoirs in rooftops or underground, as part of flood control models at catchment 

scale; 

3. Evaluate how temporary detention of rainwater in the urban environment 

can contribute to sustainable water resources management; 

4. Perform RWH allocation studies in catchments highly prone to forest fires, 

to determine suitable locations for detention basins based on proximity to 

recurrently burnt areas and easy road access to them. The aim would be to improve 

efficiency in the fighting against wildfires. This type of study would be very 

innovative because similar studies are lacking for this specific objective; 

5. Evaluate climate change impacts in flood risk zones and how they change 

the flood control assessment based on sustainable detention basins. This goal 

would be focus on the areas for which sustainable solutions were found to verify 

their reliability in scenarios of future climate change. 

In short, it is important to note that this doctoral work represents just the beginning of 

our RWH allocation studies in rural watersheds and runoff control studies in critical flood 

risk zones of Portugal, and that much is ready to be explored namely the urban 

environment issues. Climate change forecasts point to longer and more frequent periods 

of water scarcity, and to more intense short-term rainfall events that often lead to 

magnified natural hazards. In the sequel, it is important to alert and challenge the national 

authorities so they act on the mitigation of human, economic and heritage losses derived 
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from those hazards, namely through improving river basin planning and the management 

of water resources. 
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