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Summary 

During the last decades water resources are facing severe challenges all over the world and the 

trends of decreasing precipitations and increasing temperatures in the Mediterranean region 

intensify this situation. The large climate variability of the region‐ makes drought events 

appear as a recurrent phenomenon in the area, causing important damages in both the 

economy and the environment. Water resources planning is part of complex, multi‐disciplinary 

processes overarching a wide range of stakeholders with different interests, technical 

expertise, and priorities. Successful planning requires effective Integrated Water Resource 

Management models that can solve these complex problems. 

The purpose of this study is to provide a framework for effective and systematic risk 

management of water resources during drought. This management framework integrates 

hydrological, agricultural and water planning models. The methodology has three components: 

first, the statistical properties of drought are analysed and thresholds of drought alert are 

determined to serve as triggers for management actions. Second, water demand for 

agriculture is determined during the normal and drought periods. Third, a water planning 

model is used to integrate water availability and demand and evaluate the range of possible 

management actions that minimise the risk of water deficit. This methodological approach 

links the dynamic aspects of water availability and demand and its statistical properties 

needed for risk analysis to operational aspects of water management at the basin level. The 

methods are tested in two contrasting case studies in the Tagus basin in Spain.  

The results presented show the differential impacts of drought in physically similar systems 

that are subject to different regulation levels and the convenience of designing modified 

drought management plans in order to minimise the social and economic impacts of drought 

depending on the characteristics of the system. 

The results of the study also reveal its applicability for integrated analysis of drought that 

incorporate a demand analysis approach and the evaluation of climate change scenarios. 

Key words: Drought management, integrated water resources management, climate change 
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Resumen 

Durante las últimas décadas los recursos hídricos se enfrentan a numerosos retos ya que las 

limitaciones ambientales, unidas los objetivos de desarrollo económico y la dinámica 

demográfica, ejercen una presión sobre la conservación de los recursos hídricos difícilmente 

soportable (Iglesias et al., 2005; Garrido et al., 2007). Esta situación deriva en previsiones 

especialmente graves para la cuenca mediterránea que constituye un entorno climático 

especialmente frágil. La variabilidad climática es una limitación añadida para muchas 

estrategias de planificación en la zona, apareciendo la sequía como un fenómeno periódico 

que ha llegado a causar fuertes impactos en la economía y el medio ambiente del área 

Mediterránea (Vogt and Somma, 2000, Lázaro et al., 2001). 

La gestión y planificación de los recursos hídricos es parte de un proceso complejo y 

multidisciplinar que integra un amplio rango de grupos de interés con distintos puntos de 

vista, capacidad técnica y diferentes prioridades. El éxito de la planificación requiere modelos 

eficientes de gestión integrada de los recursos hídricos que sean capaces de resolver estos 

problemas complejos. 

El objetivo de este estudio es proporcionar un marco para la gestión eficiente y sistemática de 

los recursos hídricos durante los periodos de sequía. El marco de gestión propuesto integra 

modelos hidrológicos, agronómicos y de gestión de los recursos hídricos. La metodología tiene 

tres componentes: primero, el análisis de las propiedades estadísticas de la sequía y el 

establecimiento de niveles umbral para la identificación de periodos de sequía y la puesta en 

marcha de mecanismos de mitigación. Segundo, la demanda agrícola de agua se determina 

para los periodos normales y los periodos de sequía para evaluar las diferencias. Tercero, un 

modelo de gestión del agua se utiliza para integrar la disponibilidad de agua y la demanda y 

evaluar el rango de medidas posibles que puedesn ser adoptadas para disminuir el nivel de 

riesgo de déficit en el sistema. Esta aproximación metodológica integra los aspectos dinámicos 

de la disponibilidad de agua y la demanda y las propiedades estadísticas necesarias para el 

análisis de riesgo aplicado a los aspectos operacionales de la gestión del agua a nivel de cuenca 

hidrográfica. Estos métodos son aplicados a dos casos de estudio contrastados en la cuenca del 

Tajo en España. 

Los resultados presentados muestran los impactos diferenciados de la sequía en sistemas que 

son similares en los aspectos físicos pero con niveles de regulación diferentes y la conveniencia 
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de diseñar planes de gestión de sequía modificados para responder a estas diferencias y 

minimizar los impactos sociales y económicos de la sequía dependiendo de las características 

del sistema. 

Los resultados también revelan la conveniencia del análisis integrado de la sequía 

incorporando las variaciones de la demanda y la evaluación de escenarios de cambio climático. 

Palabras clave: Gestión de la sequía, gestión integrada de los recursos hídricos, cambio 

climático
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1 Resumen 

1.1 Justificación del estudio 

En los países mediterráneos existe una larga tradición de manejo de los recursos naturales 

debido a la intensidad de civilizaciones que han habitado la zona a lo largo de la Historia. Sin 

embargo, en los últimos tiempos, la gestión de algunos de estos recursos, como el agua, se ha 

convertido en un desafío ya que las limitaciones ambientales, unidas los objetivos de 

desarrollo económico y la dinámica demográfica, ejercen una presión sobre la conservación de 

los recursos hídricos difícilmente soportable (Iglesias et al., 2005; Garrido et al., 2007). 

La situación geográfica de esta región y los patrones generales de circulación atmosférica, se 

combinan constituyendo un entorno climático particularmente frágil en el Sur de Europa y el 

Norte de África que supone una de las principales preocupaciones en el contexto de la 

variabilidad y el cambio climático  a nivel internacional (IPCC, 2007).Esta variabilidad climática 

es una limitación añadida para muchas estrategias de planificación en la zona, apareciendo la 

sequía como un fenómeno periódico que ha llegado a causar fuertes impactos en la economía 

y el medio ambiente del área Mediterránea (Vogt and Somma, 2000, Lázaro et al., 2001). 

Mientras los estudios continúan, la evidencia, cada vez más consensuada a nivel científico, de 

cambios futuros en la variabilidad e intensidad de las sequías derivados del cambio climático 

(IPCC, 2007) incrementan la preocupación por la vulnerabilidad de los recursos hídricos y el 

aumento del estrés sobre la economía y el medio ambiente del Sur de Europa y el Norte de 

África (EEA, 2004). La combinación de estos factores ambientales, manifestados de forma 

especialmente drástica durante los periodos de sequía y el incremento en las demandas 

sociales sobre los recursos hídricos hace peligrar su uso sostenible y supone un obstáculo para 

su gestión.  

Desde mediados del siglo XX la presión sobre los recursos hídricos se ha intensificado tanto en 

la escala espacial como en la temporal, pero, al mismo tiempo, el mayor entendimiento de los 

procesos de degradación y agotamiento ha derivado en una mayor actividad gubernamental y 
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legislativa para la protección de estos recursos, especialmente en Norteamérica y Europa 

Occidental (Meinzen‐Dick et al., 2001). El desarrollo de políticas europeas orientadas a la 

gestión de temas como  la agricultura, la industria o el medio ambiente ponen de manifiesto el 

papel indispensable del agua para todos ellos y la necesidad de coordinación de todas las 

políticas para conseguir los objetivos económicos (mantenimiento de rentas agrarias y 

recuperación de costes), sociales (incremento de oportunidades de empleo en zonas rurales, 

mantenimiento de los servicios ambientales) y ambientales (ahorro de agua y disminución en 

el uso de agroquímicos) perseguidos por las mismas.  

Existen numerosas herramientas de análisis y gestión aplicadas al campo de la agricultura, la 

hidrología y la calidad del agua, sin embargo, para hacer frente a la complejidad del estudio de 

las sequías y la gestión hídrica es necesario adoptar una visión integral del sistema, incluyendo 

en el análisis todo el rango de factores ambientales, económicos y sociales implicados, de 

forma que se pueda desarrollar una gestión lo más adecuada posible a todos ellos. Por este 

motivo, en la actualidad existe un interés generalizado en el desarrollo de herramientas que 

apoyen una gestión integrada y coherente de los recursos hídricos. Los modelos hidrológicos 

convencionales para evaluar la oferta no son siempre los más adecuados. Durante las últimas 

décadas se ha originado una tendencia más integradora para la gestión del agua, que incluye 

en los modelos la demanda de agua (Strzepek et al 1999), la calidad del agua o la conservación 

de los ecosistemas. 

Teniendo en cuenta que en España más del 80% del agua regulada se destina a la agricultura y 

que la actividad en este sector depende fundamentalmente de las directrices europeas a 

través de la Política Agrícola Común, parece esencial la coordinación entre esta política y la 

Directiva Marco del Agua (2000/60/EC) que pretende salvaguardar el buen estado ecológico 

del agua. Los objetivos de las dos políticas pueden, en algunos casos, implicar resultados 

contradictorios en términos tanto de cantidad como de calidad de las aguas. 

Una de las mayores complicaciones de los estudios sobre implantación de políticas es la falta 

de experiencias previas y en condiciones similares para intentar predecir los resultados de la 

implantación y la falta de datos recogidos de una forma lo suficientemente constante y 

periódica como para establecer una base de datos suficiente para la predicción, por estas 

razones es generalizado el uso de modelos de simulación tanto para generar series de datos 
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más abundantes como para establecer una relación determinada entre las variables del 

modelo y hacer predicciones sobre su comportamiento futuro. 

La necesidad de alcanzar una gestión sostenible del agua en los países del Mediterráneo deriva 

de la escasez de agua en muchas zonas, la distribución desigual de recursos entre los distintos 

sectores económicos y grupos sociales o una combinación de ambos factores en las zonas más 

vulnerables. Todos los factores sociales y ambientales deben ser incluidos como componentes 

de las políticas de gestión del agua, a pesar de que esto suponga una dificultad añadida, 

especialmente en aquellas zonas donde el uso del agua se encuentra en una situación de 

desequilibrio total.  (Iglesias et al., 2006a).   

1.2 Objetivos 

El objetivo final de la tesis doctoral es: 

“Proponer un marco para la gestión efectiva y sistemática de los recursos hídricos durante los 

periodos de sequía. Este marco de gestión integra modelos hidrológicos, agrarios y de gestión 

de agua.”  

Dentro de este marco general, el objetivo de este trabajo es: 

“Definir la integración de modelos y el tratamiento de datos que permitan desarrollar los 

objetivos generales de la tesis.”  

Por tanto, los objetivos particulares del trabajo son: 

• Caracterización de las unidades de gestión. Identificando los aspectos físicos e 

institucionales esenciales para una planificación integrada adaptada a las condiciones 

específicas de dicha unidad. 

• Definir los escenarios de sequía y cambio climático.  Partiendo del análisis de las series 

climáticas de la zona de estudio y seleccionando los criterios de definición de sequía 

recogidos en la literatura, se identificarán los periodos de sequía para las zonas de estudio y 

se evaluará la evolución de su intensidad y frecuencia  a través de los escenarios de cambio 

climático. 
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• Evaluar y calibrar los modelos hidrológicos y agrarios. Aplicación de los modelos 

hidrológicos y agrarios a la zona de estudio y calibrarlos para su aplicación al modelo de 

decisión posterior. 

• Elaborar una metodología integrada para la evaluación de los impactos de la sequía y la 

integración de medidas de gestión apropiadas. Desarrollar un marco lógico de interacción 

entre los modelos disponibles para obtener resultados que puedan resultar útiles para ser 

incluidos en un modelo de gestión integrada.  

 

La Figura E1 muestra el objetivo general de la tesis planteada y paralelamente los objetivos 

concretos a alcanzar en el desarrollo de esta tesis doctoral. 

Objetivo general: Proponer un marco para la gestión efectiva y 
sistemática de los recursos hídricos durante los periodos de sequía. 
Este marco de gestión integra modelos hidrológicos, agrarios y de 
gestión de agua

Objetivo general: Proponer un marco para la gestión efectiva y 
sistemática de los recursos hídricos durante los periodos de sequía. 
Este marco de gestión integra modelos hidrológicos, agrarios y de 
gestión de agua

1. Establecer las reglas para 
definir los umbrales de sequía 
y analizar los resultados

1. Establecer las reglas para 
definir los umbrales de sequía 
y analizar los resultados

2. Evaluar y calibrar los 
modelos hidrológicos y 
agrarios y especificarlos para 
las áreas de estudio

2. Evaluar y calibrar los 
modelos hidrológicos y 
agrarios y especificarlos para 
las áreas de estudio

3. Elaborar una metodología 
integrada para el desarrollo 
de los objetivos de la tesis 

3. Elaborar una metodología 
integrada para el desarrollo 
de los objetivos de la tesis 

4. Especificar el modelo de 
gestión de recursos hídricos 
(WEAP21)

4. Especificar el modelo de 
gestión de recursos hídricos 
(WEAP21)

5. Definición y análisis de 
escenarios (sequía y cambio 
climático) con variaciones en 
la oferta y la demanda

5. Definición y análisis de 
escenarios (sequía y cambio 
climático) con variaciones en 
la oferta y la demanda

6. Resultados de la aplicación 
de la metodología a las 
cuencas del Tietar y Alagón

6. Resultados de la aplicación 
de la metodología a las 
cuencas del Tietar y Alagón

 

Figura E1 Objetivos de la tesis doctoral  

1.3 El contexto 

1.3.1 Clima  

El contexto geográfico del Mediterráneo impone una alta variabilidad climática derivada 

principalmente de la actividad de la Circulación de Hadley, los vientos del Oeste y la propia 
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variación regional dentro del Mediterráneo (Xoplaki et al., 2003; Bolle, 2003). La precipitación 

en esta zona presenta una relativa asimetría en la función de distribución  de probabilidad que 

indica que más del 50% de las precipitaciones se encuentran por debajo del valor medio, lo 

que hace que las sequías sean frecuentes en la zona. Algunos estudios al respecto concluyen 

que una distribución Gamma es la más ajustada a las observaciones de precipitación de la zona 

(Lloyd‐Huges, 2002; Gómez Ramos, 2004). Las investigaciones sugieren que la influencia de la  

temperatura de la superficie del mar explica parte de esta variabilidad, especialmente en 

países como Marruecos donde parte de la estación de lluvias (Marzo – Abril) está 

correlacionada con el fenómeno de El Niño y la Oscilación del Atlántico Norte  (Rodó et al. 

1997; Ward et al. 1999; Iglesias, 2003a, b; Iglesias et al., 2003). 

En la región mediterránea el fenómeno de la sequía es de particular importancia y los análisis 

regionales de los grupos de interés muestran como mantener el suministro de agua potable de 

no sólo en suficiente cantidad sino también con un nivel de calidad adecuada es la prioridad 

principal en todos los niveles de gestión (Iglesias et al., 2006a). Durante los periodos de 

caudales bajos, el agua que llega a los embalses es de peor calidad porque hay un incremento 

en la concentración de nutrientes y contaminantes. El aumento de demanda de agua conduce 

a una menor flexibilidad a la hora de cumplir con estas demandas durante los periodos de 

sequía y una explotación de los recursos hídricos más intensa. Generalmente, la sequía es 

considerada como severa cuando afecta a estos sistemas de suministro de agua. Este hecho 

exige una gestión muy cuidadosa además de cierta capacidad de predicción para mantener un 

nivel adecuado de garantía de suministro para todas las demandas y asegurar un desarrollo 

social y económico sostenido en los países mediterráneos.  

El agua extraída de los pozos en periodos de sequía también puede sufrir pérdidas de calidad 

debido a la intrusiones salinas si los acuíferos se encuentran en zonas costeras o próximos a 

otras masas de agua saladas (Lloyd‐Hughes, 2002). La extracción de agua subterránea puede 

suponer un alivio temporal durante un periodo de sequía, sin embargo una explotación poco 

controlada puede llevar a la disminución de los flujos de base de los ríos, la degradación de 

humedales e impactos negativos sobre la calidad del agua. Como consecuencia, los impactos 

derivados de las sequías sobre las aguas subterráneas agravan y extienden en el tiempo los 

impactos globales, incluso haciendo imposible la recuperación de los ecosistemas o los 

sistemas de aguas subterráneas (Bradford, 2000) 
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En cuanto a la gestión del suministro de agua, una sequía puede llevar a la adopción de 

medidas de emergencia que pueden resultar muy costosas para transferir agua de una cuenca 

a otra. Bajo condiciones extremas puede resultar necesario restringir los abastecimientos 

durante parte del día. Durante la sequía de 1992‐93 el abastecimiento urbano a Sevilla tuvo 

que restringirse hasta 12 horas diarias, reduciendo el consumo normal en un 35% (EEA, 2003). 

1.3.2 Demografía 

En el mediterráneo existe una competición importante entre la agricultura y el turismo por los 

recursos hídricos, con un incremento en la demanda de agua que coincide con el mínimo de 

las precipitaciones anuales (verano). La situación es dinámica y con poca probabilidad de 

mejora en el futuro. La población actual residente en los países que confinan el mar 

mediterráneo es de 450 millones (en 1997) y se prevé un aumento hasta 520‐570 millones 

para el año 2030 (FAOSTAT, 2005). El turismo en la región mediterránea se estimó en 135 

millones de visitas en 1990 y se prevé que aumente hasta 235‐350 millones de visitas en 2025 

(EEA, 2003). El turismo en esta zona también está muy concentrado en las estaciones de 

primavera y verano, cuando el estrés de agua y la demanda agrícola son mayores, por lo que 

hay zonas en las que agricultura y turismo se convierten durante una larga parte del año en 

competidores directos por el agua disponible.  

La presión sobre el uso del agua es causada principalmente por el proceso de intensificación de 

la agricultura que ha experimentado España desde los años 50 y que ha implicado una 

disminución de la superficie agrícola total. El crecimiento de la población de derecho  se ha 

frenado bastante en las últimas décadas a nivel nacional, sin embargo las zonas de costa 

sufren importantes cambios poblacionales con una marcada estacionalidad que comprometen 

el funcionamiento de los sistemas de gestión hídricos con frecuencia.  El Plan Hidrológico de la 

Cuenca del Tajo reconoce en el apartado II.3. la dificultad que supone mantener el crecimiento 

de la oferta de recursos en base a grandes embalses y trasvases desde otras subcuencas si las 

demandas continúan con los mismos ritmos de crecimiento, volviéndose cada vez más costoso 

económica, ambiental e institucionalmente. 



Resumen 

 

 
29

1.3.3 Agricultura 

La agricultura en el Mediterráneo es a la vez la principal ocupación del territorio (alrededor del 

50% de la superficie total) y el sector más consumidor de agua (alrededor del 60% del 

consumo total) (FAOSTAT, 2005). Los países de esta zona, sin embargo, difieren de forma 

significativa tanto en los niveles de desarrollo (por ejemplo, en la renta), como en los 

mecanismos de diversificación del riesgo (los seguros), las innovaciones tecnológicas 

(tecnologías de riego) o los sistemas de distribución de la información, por lo q se presenta un 

marco perfecto para el análisis de estrategias de comunicación (Iglesias et al., 2006c). 

El estudio comparativo de Caravelli (2000) sobre la intensificación y la extensificación de la 

agricultura en el año, 2000, caracteriza la región Mediterránea como una zona de condiciones 

biofísicas, climáticas y estructurales particulares debido a: 

• La alta proporción de suelos pobres 

• Los altos niveles de déficit de precipitación (una limitación que se intenta solventar en 

parte con el riego) y 

• Debilidades estructurales severas, que implican la persistencia de una proporción bastante 

alta de explotaciones económicamente marginales o de subsistencia. 

 
La estructura de la gestión de la tierra puede explicarse a través del tamaño medio de la 

explotación; en los países Mediterráneos  es significativamente más pequeño que en los países 

del centro y el norte de Europa, reflejando la alta proporción de sistemas agrícolas 

económicamente marginales en los primeros (EUROSTAT, 2005).  

Las condiciones naturales y estructurales desfavorables de la región mediterránea se reflejan 

también en la alta proporción de terrenos con limitantes naturales que determinan la 

productividad y el nivel de intensidad de la producción agrícola (medida a través de la relación 

uso de inputs/ha de tierra cultivada) y que resultan relativamente bajos en esta zona (Caraveli, 

2000, Skees et al., 2001). La sensibilidad a las condiciones climáticas es especialmente 

importante en los países mediterráneos ya que los factores físicos son menos adecuados para 

la agricultura y la amortiguación tecnológica frente a la sequía puede estar menos avanzada 

(Iglesias, 2003b). 
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El modelo de desarrollo económico seguido por los sectores agrícolas de la región ha llevado a 

la creación de algunos puntos localizados de agricultura intensiva, principalmente en las zonas 

más accesibles para el resto del continente. El regadío contribuye significativamente a la 

productividad, estabilidad y diversificación en las zonas semiáridas, por ejemplo en España, el 

área ocupada por el regadío es alrededor del 15% de la superficie agrícola, pero genera más 

del 60% de la producción final agraria (Causapé et al., 2004) 

La agricultura en la Unión Europea se enfrenta a una etapa complicada en el futuro cercano 

debido a la competencia por los recursos hídricos, el aumento de costes derivados de las 

políticas de protección ambiental, la competición en los mercados internacionales, la pérdida 

de la ventaja comparativa en relación a las agriculturas internacionales, el cambio climático y 

la incertidumbre del efecto de las políticas europeas actuales de adaptación (Iglesias et al., 

2006c). 

Los cambios recientes en las políticas de mercado añaden presión sobre el uso de los recursos 

hídricos de una forma más intensa y con mayor frecuencia (Iglesias et al., 2005, Iglesias et al., 

2006b). Las presiones y los impactos de la escasez de agua resultan generalmente en conflictos 

y en una aparente falta de respuesta política hacia el desarrollo sostenible, debido a la 

compleja organización institucional (Iglesias et al., 2005). Estos conflictos son especialmente 

relevantes cuando las aguas son compartidas por distintos países (Wolf et al. 1996) o distintos 

grupos de usuarios. A pesar de que existe un reconocimiento generalizado de los riesgos 

asociados al cambio climático, los factores económicos fuerzan la intensificación del uso de los 

recursos naturales todavía más.  

Un mejor conocimiento de las interacciones entre el clima, la agricultura y la sociedad y sus 

respuestas es de gran relevancia para cualquier nueva modificación en estas políticas a nivel 

europeo (Iglesias et al., 2006c). 

1.3.4 Políticas públicas    

Mientras que la PAC reduce la protección de los productos de la agricultura europea 

orientando el sector hacia un comportamiento más competitivo a nivel mundial, la aplicación 

de la DMA probablemente aumentará los costes de producción debido al aumento del precio 

del agua. La aplicación combinada de ambas políticas podría, por lo tanto, reducir la viabilidad 
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de las explotaciones de regadío, especialmente en aquellas zonas del interior donde 

predominan los cultivos más protegidos y subvencionados tradicionalmente (cereales, 

oleaginosas o cultivos proteínicos). 

La aplicación de la nueva PAC y DMA no sólo afectará a la viabilidad económica de estas 

explotaciones sino también a las funciones ambientales y sociales de la agricultura en las zonas 

rurales (multifuncionalidad). Sin duda las políticas relacionadas con el agua y la agricultura 

pueden aumentar o disminuir algunos impactos derivados de la actividad agrícola, afectando 

de forma indirecta a los aspectos ambientales (contaminación química asociada al consumo de 

nitratos y pesticidas, salinidad del suelo, diversidad genética, captación de CO2), o aspectos 

relacionados con el desarrollo rural (empleo agrario, temporalidad del trabajo, paisaje, 

patrimonio cultural, etc.). Por estas razones, las decisiones relacionadas con la PAC y la DMA 

deberían ser complementarias, con el fin de obtener un balance adecuado entre los objetivos 

de eficiencia económica, equidad social y conservación ambiental, aspectos que normalmente 

entran en conflicto de acuerdo con las preferencias de la sociedad en conjunto. 

Una vez más se pone de manifiesto la necesidad de coordinar políticas a nivel europeo que 

afectan a los recursos hídricos (Mejías et al., 2004). Algunos autores plantean la posibilidad de 

ampliar las condiciones exigidas para  recibir subsidios de la PAC incluyendo en estos aspectos 

relacionados con la adaptación de los cultivos a los recursos hídricos disponibles. 

La Política Agraria Común 

La agricultura española está influenciada directamente por distintas políticas de la UE, en 

especial por la Política Agraria Común (PAC) y por su política medioambiental. Las distintas 

reformas e innovaciones de este reglamento han tenido su impacto tanto en la distribución de 

los cultivos como en el nivel de intensificación de la agricultura (García Álvarez Coque, 2006). 

Como consecuencia directa de estas modificaciones, la PAC también tiene sus efectos sobre las 

funciones de demanda de agua (Gómez Limón, 2002). 

La relación entre la PAC y el agua está reflejada principal y casi exclusivamente dentro del 

Reglamento de Desarrollo rural, donde se hace referencia a la política de regadíos, que supone 

una parte importante del presupuesto total del bloque de medidas destinadas al fomento de la 

competitividad agraria (Atance, 2006). En España esta política de regadíos se desarrolla a 
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través del Plan Nacional de Regadíos que incluye dos tipos de acciones: modernización de 

regadíos y nuevos regadíos. Actualmente se está poniendo un mayor esfuerzo en el desarrollo 

del primer grupo de acciones, consiguiéndose mejoras importantes en la eficacia del uso del 

agua (Atance, 2006).  

La PAC modifica el consumo de agua de varias formas: 

• La diferenciación de los subsidios asociados a los sistemas de regadío y de secano 

• Las inversiones de renovación en los sistemas de riego 

• La no exigencia de cumplimiento de estándares de calidad del agua para recibir los 

subsidios 

• El estímulo de la sobreproducción de cultivos, aún más potenciada por la irrigación. 

 
El cambio de usos del suelo en una cuenca altera las características hidrológicas del sistema 

como la infiltración o las tasas de escorrentía, resultando en caudales más variables y una 

modificación en la relación entre las sequías meteorológicas e hidrológicas. El cambio de usos 

del suelo es una de las acciones humanas que altera la frecuencia de escasez de agua incluso 

cuando no se ha observado ningún cambio en los patrones de sequía meteorológica.  

Por todos estos motivos resulta interesante tener en cuenta los posibles escenarios futuros de 

la agricultura en función de las directrices establecidas por la PAC para evaluar la 

disponibilidad de agua (afectada por los cambios de uso del suelo) y los requerimientos de 

riego (determinados indirectamente por la política de precios establecida por la PAC). 

La Directiva Marco del Agua 

La Directiva Marco del Agua (2000/60/EC) establece un marco para la protección del agua 

subterránea, aguas continentales, aguas estuarinas (de transición) y aguas costeras. Este acto 

legislativo contiene una serie de objetivos bien definidos: (i) prevenir el deterioro, proteger y 

mejorar el estado de los recursos hídricos; (ii) promocionar el usos sostenible del agua; (iii) 

mejorar la protección del ambiente acuático a través de medidas específicas de reducción 

progresiva de emisiones (iv) asegurar la reducción progresiva de la contaminación de aguas 

subterráneas y prevenir la contaminación futura y (v) contribuir a mitigar los efectos de las 

inundaciones y sequías. El objetivo final de la DMA es alcanzar, al menos, el “buen estado 
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ecológico” para todas las masas de agua para el año 2015. Este estado se evaluará a través de 

elementos de calidad biológicos (fitoplancton, microalgas, bentos y peces), hidromorfológicos 

y físico‐químicos, siendo los elementos biológicos de especial importancia (Borja et al., 2005) 

De acuerdo con el artículo 5 de la DMA, todos los Estados miembros deben desarrollar una 

estrategia para identificar las presiones y evaluar los impactos, dentro de la caracterización de 

las masas de agua. 

Hay un número creciente de estudios derivados de la aplicación de la Directiva Marco del Agua 

orientados a evaluar las presiones y los impactos sobre los recursos hídricos. Todos estos 

estudios producen información relevante a cerca de los efectos de la implementación de la 

DMA y son eficaces en la identificación de cuencas vulnerables, sin embargo la mayoría 

presenta una serie de limitaciones: 

• La mayor parte del trabajo desarrollado hasta ahora es descriptivo a escalas geográficas 

muy grandes y por lo tanto poseen un bajo potencial de aplicación a nivel operacional. En 

muchos casos es complicado deducir opciones de gestión específicas a partir de los efectos 

descritos ya que no se ha alcanzado la fase de desarrollo de herramientas para determinar 

el efecto de implementación de estas políticas. 

• Muchos estudios se centran en las políticas hidráulicas aisladas de otras políticas que 

también podrían interferir, como son las de agricultura o desarrollo. Sin embargo, estas 

otras políticas, especialmente las relacionadas con la agricultura, pueden tener 

consecuencias ecológicas que incrementen las presiones sobre el agua 

• La gestión del riesgo de sequía es un tema raramente incluido en las políticas relativas a la 

gestión del agua, especialmente los aspectos relativos a la incertidumbre y la percepción 

del riesgo de sequía. Incluso la nueva Directiva europea trata el tema de la sequía de forma 

marginal como periodos excepcionales durante los cuales no es obligatorio el cumplimiento 

de los criterios de calidad del agua establecidos en la directiva.  

• El cambio climático no se considera en muchos de estos estudios. Algunas predicciones 

indican que a medida que el cambio climático continúa, los efectos que son actualmente 

identificables podrían intensificarse y otros cambios fundamentales son probables. 

• La evaluación de presiones e impactos se basa principalmente en aspectos biológicos y 

físico‐químicos del agua, sin tener en cuenta escenarios futuros o periodos de escasez de 
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agua, cuando estos escenarios suponen un importante impacto sobre la calidad de las 

masas de agua. 

El análisis de presiones e impactos debe considerar cómo las presiones podrían evolucionar, 

antes de 2015, poniendo las masas de agua en riesgo de no poder alcanzar buen estado 

ecológico si los programas apropiados de medidas no fueran diseñados y puestos en práctica. 

Esto requiere considerar los efectos de la legislación existente y la evolución de los factores 

económicos dominantes que afectan al uso del agua y de la misma forma, cómo estos cambios 

pueden afectar al medio ambiente acuático. Por lo tanto, no está claro cómo determinar, en la 

práctica, los riesgos de no poder alcanzar este objetivo. 

La DMA pretende alcanzar la integración de todos sus requerimientos, incorporando la mejora 

de la calidad del agua en otras políticas a nivel europeo y nacional. La ordenación del territorio 

es un campo clave para esta integración. De esta forma las políticas de planeamiento podrían 

desarrollarse potenciando la protección del medio ambiente acuático y contribuir a conseguir 

el objetivo principal de la DMA, asegurar el “buen estado ecológico” para las masas de agua 

antes de 2015 (Carter et al., 2005).  

1.3.5 Capacidad de adaptación 

La capacidad de adaptación de la región mediterránea al cambio climático se enfrenta con un 

obstáculo añadido ya que el cambio climático viene acompañado por una dinámica de 

desarrollo que incrementa la presión sobre los recursos naturales imponiendo una necesidad 

de gestión del agua cuando la mayor parte de las aguas en régimen natural potencialmente 

regulables ya lo están y que hace uso de unos sistemas agrícolas  normalmente poco 

adaptados a las condiciones locales (Iglesias et al., 2006a).  

Las medidas efectivas de adaptación a la sequía a largo plazo son limitadas y complicadas de 

implementar debido a la variedad de grupos de interés involucrados y la falta de medios para 

negociar nuevas políticas. 

La capacidad actual de las políticas de adaptación al cambio climático se ve amenazada, 

especialmente en aquellas zonas donde hay un mayor estrés hídrico y en las zonas donde la 

debilidad institucional limita la gestión de esta adaptación. En este aspecto, aquellos países 

con mayor tradición legislativa en materia de recursos hídricos y con una clara definición de 
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responsabilidades serán capaces de adaptarse con mayor facilidad a las consecuencias del 

cambio climático. (Iglesias et al., 2005; Iglesias et al., 2006b; Garrido et al., 2007). 

1.3.6 La gestión de la sequía 

El enfoque general de los gobiernos en respuesta a la sequía se caracteriza por su reactividad, 

la gestión de emergencia, gestión de crisis o respuesta no planeada. Muchos estudios 

relacionados con este tema (Vogt et al., 2000; Bazza, 2002; Rossi, 2003; Wilhite et al., 2005) se 

refieren a este tipo de respuesta como aquel que requiere medidas tácticas para afrontar los 

problemas de deficiencia hídrica una vez que la sequía ya ha comenzado y es demasiado tarde 

para construir nuevas infraestructuras de regulación. Este tipo de medidas se opondrían a las 

medidas estratégicas que consisten en acciones planeadas, como la mejora de la 

infraestructura de abastecimiento o la modificación de instituciones o legislaciones. Las 

carencias de las medidas reactivas han sido descritas en numerosos estudios al respecto 

(Bazza, 2002). 

A nivel científico internacional, se está haciendo un gran esfuerzo para comprender el 

fenómeno de la sequía y el cambio climático en el Mediterráneo y diseñar planes de gestión 

adecuados para contribuir a mitigar sus efectos. Este esfuerzo se refleja en el número de 

iniciativas a nivel nacional e internacional financiados por la Unión Europea (i.e., ARIDE, 

MEDROPLAN, AQUASTRESS, CIRCE) o los programas puestos en marcha por las Naciones 

Unidas (i.e., UNISDR, 2002). 

La sequía se considera uno de los fenómenos naturales más complejos y menos conocido, 

afectando a más población que cualquier otro fenómeno natural (UNISDR, 2002). Se trata de 

un fenómeno normal, recurrente que ocurre en prácticamente todos los climas con 

características diferentes de unas regiones a otras (Wilhite, 2000, Alvarez et al., 2003). La 

sequía no tiene un punto de inicio claramente detectable ni una distribución clara de los 

impactos, se desarrolla como consecuencia de un periodo de  bajas precipitaciones y es difícil 

definir el punto a partir del cual una sequía puede ser considerada como tal.  

La complejidad de los impactos de la  sequía deriva de la importancia del agua para la actividad 

industrial, agrícola, natural y doméstica, así como para la dilución de efluentes, la navegación 
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de los ríos, la producción hidroeléctrica y los usos recreativos del agua. Los impactos pueden 

considerarse como directos o indirectos dependiendo de la escala espacial y temporal. 

El sector económico afectado principalmente es el agrícola, debido a  su dependencia de los 

abastecimientos de agua superficiales y subterráneos (Lloyd‐Hughes, 2002). 

1.3.7 Implicaciones del cambio climático para la gestión de las sequías 

De acuerdo con el ultimo informe de evaluación del Panel Intergubernamental del Cambio 

Climático (IPCC, 2007) el cambio climático está ocurriendo en la actualidad y continuará su 

evolución incluso si las emisiones de gases de efecto invernadero se reducen. La preocupación 

de las consecuencias que el cambio climático puede tener sobre las condiciones regionales 

aumenta de forma manifiesta. 

El cambio climático está ejerciendo una presión añadida sobre la oferta y la demanda de 

recursos hídricos y sobre los ecosistemas y las comunidades ecológicas, incluyendo extinciones 

de especies, reducciones masivas de población, cambios en las migraciones, la reproducción, la 

hibernación, la fenología de las plantas o la modificación de procesos ecológicos (IPCC, 2007). 

Los sectores económicos directamente dependientes del clima, como la agricultura, soportan 

un nivel de riesgo mucho mayor y, por lo tanto, tienen una mayor necesidad de adaptarse al 

cambio climático (Iglesias et al. 1997). Se prevé un incremento en la frecuencia de los eventos 

extremos como tormentas, inundaciones o sequías y el cambio climático y sus efectos pueden 

llevar a situaciones severas de escasez de agua. Algunas regiones experimentarán beneficios 

derivados de la baja intensidad de los cambios derivados del cambio climático a medio plazo, 

disfrutando de periodos de crecimiento de los cultivos más largos, menos heladas, incremento 

de las precipitaciones y fertilización por el incremento de CO2. Sin embargo, otras zonas 

soportarán todos los efectos negativos del cambio climático, creándose una situación de países 

ganadores y países perdedores. Todos estos razonamientos y predicciones están rodeados 

todavía de un nivel de incertidumbre muy elevado. 
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1.4 Marco metodológico 

La metodología consta de tres componentes principales: (i) la identificación de los periodos de 

sequía y definición de los niveles umbral para la puesta en marcha de medidas de gestión 

alternativas, (ii) la determinación de las demandas de riego de los principales cultivos de las 

dos zonas de estudio para evaluar su variabilidad dependiendo de las condiciones climáticas y 

(iii) integración de los resultados anteriores en un modelo de gestión de cuencas para evaluar 

la efectividad de la aplicación de las medidas de gestión alternativas propuestas. La figura E2 

resume la metodología. Esta aproximación metodológica une los aspectos dinámicos de la 

disponibilidad de agua y la demanda y las propiedades estadísticas necesarias para el análisis 

de riesgo de los aspectos operacionales de la gestión del agua a nivel de cuenca. Los métodos 

propuestos se analizan en dos casos de estudio en la Cuenca del Tajo, las subcuencas del Tiétar 

y el Alagón.  
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Figura E2 Esquema metodológico e integración de los modelos aplicados en la tesis 
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1.4.1 Modelos e índices aplicados 

Modelo WATBAL 

El modelo hidrológico WATBAL utilizado en este trabajo se basa en el balance hídrico del suelo, 

calculando, de forma mensual, todos los procesos que afectan directamente al contenido de 

agua en el perfil edáfico (Yates, 1996; Kaczmarek, 1993). 

El modelo WATBAL fue desarrollado para la evaluación de los impactos del cambio climático 

sobre los balances hídricos a nivel de cuenca hidrológica (Yates, 1996; Kaczmarek, 1993). Las 

predicciones de cambio climático derivadas de los escenarios globales pueden aplicarse en 

este modelo a través de variaciones en la precipitación y la temperatura mensual para evaluar 

el posible efecto de estos cambios sobre la escorrentía a nivel de cuenca hidrográfica. 

Modelo CROPWAT 

CROPWAT es un sistema de apoyo a la toma de decisiones  desarrollado por el Departamento 

de Tierra y Agua de la FAO. Sus funciones principales son (FAO, 2006): 

• Calcular la evapotranspiración potencial, los requerimientos hídricos de los cultivos, los 

requerimientos de riego de los cultivos. 

• Desarrollar programas de riego atendiendo a distintas condiciones de gestión, programar el 

suministro de agua. 

• Evaluar la producción de secano y los efectos de las sequías y la eficiencia de las prácticas 

de riego. 

 

Modelo DSSAT 

El modelo DSSAT ha sido aplicado para analizar la liberación de nitratos en los cultivos de la 

zona e estudio. En ambas zonas de estudio se han seleccionado los cultivos de regadío que son 

los que utilizan un aporte de nitratos más intenso y se ha seleccionado el maíz para la 

simulación con este modelo debido a lo profundamente estudiado que está. 

El modelo CERES‐Maize (Jones et al. 1986) es un modelo de simulación para el maíz que 

describe el desarrollo fenológico y el crecimiento en respuesta a factores ambientales (suelos, 
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clima y gestión). Los procesos que se pueden modelar incluyen el desarrollo fenológico 

(duración de las fases de crecimiento, crecimiento de las partes vegetativas y reproductivas de 

la planta, crecimiento de las hojas y tallos, senescencia de las hojas, producción de biomasa y 

distribución en las partes de la planta y dinámica del sistema radicular). El modelo incluye 

subrutinas para simular el balance de agua entre el  suelo y el cultivo y el balance de nitrógeno.  

1.4.2 Indicadores de sequía 

Deciles de precipitación  

Se consideran raros o severos aquellos eventos que ocurren en media una vez cada 20 años, lo 

que significa que el umbral utilizado para caracterizar los periodos de sequía es el 5º percentil 

de la serie de precipitaciones.  

Standardized Precipitation Index (SPI) 

El siguiente índice aplicado para la identificación de sequías es el SPI que calcula la diferencia 

de la precipitación acumulada entre un periodo de agregación determinado y la precipitación 

media para ese periodo a lo largo de toda la serie de datos. Para este cálculo se normaliza la 

serie de precipitación, de forma que todos los valores varían alrededor de 0 y áreas con climas 

diferentes se pueden comparar relativamente (Steinmann et al., 2005). 

Método RUN  

Este método permite la identificación de periodos de sequía además del análisis de sus 

propiedades estadísticas como la duración, déficit acumulado o intensidad. Algunos autores 

definen este método como el mejor para una evaluación objetiva de la sequía (Yevjevich, 

1967). Normalmente se aplica a la precipitación pero también podría aplicarse a índices 

compuestos más complejos. Fue propuesto para este uso por Yevievich en 1967. 

1.5 Caracterización  de la zona de estudio 

El Tajo es el río más largo de la Península Ibérica y el tercero tanto en superficie total como en 

aportaciones, después del Ebro y del Duero. Es también la cuenca que soporta el mayor peso 
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poblacional de España y de la península y que cede el mayor volumen de agua a otras cuencas 

(nacionales e internacionales). Es además la Cuenca más regulada (CHT, 2006). 

El Tiétar y el Alagón son dos de los afluentes de la Cuenca Hidrográfica del Tajo, ambos 

contiguos y en la margen derecha del río y suponen casi un tercio de las aportaciones totales 

en la cuenca (figura E3). El Alagón resulta interesante por la presencia de importantes zonas de 

regadío que suponen un condicionamiento importante para la gestión del agua. El Tiétar es 

importante por la cuantía de sus recursos hídricos y es uno de los menos aprovechados 

relativamente, en parte por su escasa regulación. 

 
 

 

Figura E3 MDT de la cuenca del Alagón y el Tiétar. Elaboración a partir de datos de CHT, 2003 

En cuanto a la gestión concreta de cada una de las cuencas, la tabla E1 muestra los principales 

puntos de almacenamiento, demanda urbana y demanda de riego para las dos cuencas. De 

esta tabla se deduce la frágil situación de la cuenca del Tiétar de la que se hablaba 

anteriormente, donde el volumen máximo de almacenamiento no es suficiente para satisfacer 

todas las demandas consuntivas de la cuenca, lo que supone que hace falta más de una vez el 

volumen embalsado para satisfacerlas. El volumen de embalse de la cuenca del Alagón, sin 

embargo tiene capacidad de regulación multi‐anual, ya que es bastante superior a la demanda 

consuntiva total de un año. 
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Tabla E1 Almacenamiento y demandas de agua en  Tiétar y Alagón. Fuente CHT, 2006 

Almacenamiento (hm3) 
Alagón V.max Tiétar V.max 
Gabriel y Galán 924 Navalcán 33 
Navamuño 13.8 Rosarito 81 
Baños 41   
VAldeobispo 53   
Jerte 57.4   
Gujio Granadilla 13   
Demandas consuntivas (hm3/año) 
Abastecimiento Plasencia 4.99 Abastecimiento Oropesa 2.4 
Z.R. Alagón 423.12 Z.R. Tiétar 212.05 
Z.R. Ambroz 34.5 Tomas directas 20 
Abastecimiento Bejar 3.85 Abastecimiento Tiétar 10.02 
Z.R. Nav 1.14 Riegos Tiétar Cabecera 40.64 
Abastecimiento Alagón 11.47   

1.6 Identificación de los periodos de sequía  

1.6.1 Sequía meteorológica (SPI y deciles) 

La figura E4 muestra un ejemplo de los resultados del cálculo del SPI y los deciles para las 

precipitaciones acumuladas cada 12 meses de forma que los periodos de verano, que siempre 

tienen precipitaciones muy inferiores a la media no queden clasificados como sequía anulando 

la identificación de los periodos secos reales.  
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(a)      (b) 

Figura E4  Valores de SPI (a) y 2º decil de precipitación (b) Valores calculados para periodos de 

acumulación de 12 meses en la cuenca del Tiétar.  
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1.6.2 Sequía hidrológica (Modelo WATBAL y método RUN) 

La identificación de sequías hidrológicas se establece utilizando los valores de aportación de 

los ríos del sistema a estudiar. Para obtener estos valores de aportaciones a partir de los datos 

de precipitación y de temperatura se ha utilizado el modelo WATBAL.  La figura E5 muestra los 

gráficos de calibración y comparación con los datos observados para la cuenca del Alagón. 
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Aportaciones observadas y simuladas en la cuenca del Alagón

0

2

4

6

8

10

12

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96 101 106 111 116 121 126 131

Modeled
observed

 
(a) (b) 
Figura E5  Calibración del modelo WATBAL (a) y comparación con los datos observados de 

aportaciones (b)  

La figura E6 muestra los gráficos de identificación de periodos de sequía hidrológica a través 

del método RUN aplicado a los valores de las aportaciones acumuladas a escala de año 

hidrológico.  
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Identificación de sequías por el método RUN. Alagón
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(a)  (b) 
Figura E6  Identificación de sequías a través del método RUN en la cuenca del Tiétar (a) y el Alagón (b).  
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1.7 Requerimientos hídricos de los cultivos 

Esta fase del estudio pretende evaluar dos aspectos concretos de la agricultura de las cuencas 

del Tiétar y al Alagón. En primer lugar, evaluar la necesidad de riego de los principales cultivos 

de forma específica para cada área de las dos cuencas, para esta evaluación se utiliza el 

modelo CROPWAT que deriva este resultado de la precipitación, evapotranspiración y una 

caracterización del suelo y el cultivo que determinan finalmente un requerimiento de agua 

diferente para cada cultivo y suelo. Y en segundo lugar, evaluar las variaciones de los 

requerimientos hídricos de los cultivos para las distintas fases de la sequía y para los 

escenarios de cambio climático. Dado que los resultados de estos modelos dependen 

directamente de la precipitación y la temperatura además de las características de la zona, es 

previsible que los escenarios de sequía y cambio climático supongan un aumento de los 

requerimientos hídricos. 

La figura E7 muestra las diferencias de precipitación, ETP y requerimientos hídricos de los 

cultivos principales entre un año medio y un año de sequía en las dos zonas de estudio. 
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Figura E7. Diferencias de precipitación, ETP y requerimientos hídricos entre un año medio y un año de 

sequía en las zonas de estudio. 
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Como se ve en la figura, los cultivos que muestran mayores diferencias son los frutales y el 

tabaco, que por otro lado son los que tienen menores requerimientos hídricos de base y los 

que ocupan menor extensión global en el terreno. Estas diferencias también han sido 

calculadas para los dos escenarios de cambio climático y sus periodos de sequía 

correspondientes. 

1.8 Modelo de gestión de cuenca 

Para la evaluación del balance hídrico de oferta y demanda para la zona de estudio se utilizará 

la herramienta WEAP (Water evaluation and Planning Model), desarrollado y actualizado por el 

Stokholm Environment Institute en Boston, EEUU (SEI, 2005). WEAP es una herramienta para 

la gestión integrada de recursos hídricos, que proporciona un marco bastante comprensible y 

flexible para el análisis de políticas (Levité, 2003). El modelo WEAP utiliza una estructura nodal 

que se especifica para cada caso particular, definiendo las ofertas y demandas concretas. El 

modelo asigna una demanda determinada a un conjunto de usos de acuerdo a las reglas de 

gestión establecidas por el usuario, las asignaciones resultantes pueden ser analizadas desde el 

punto de vista hidrológico o económico. Es un modelo de optimización que asigna dotaciones 

de agua a las unidades de demanda atendiendo a las prioridades de uso establecidas y la 

disponibilidad del recurso. El modelo permite establecer comparaciones entre distintos 

escenarios de clima, de criterios de gestión y de cantidad y tipos de unidades de demanda de 

agua.  La figura E8 recoge la estructura de gestión diseñada a través del modelo para las dos 

zonas de estudio.  
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(a) (b) 
Figura E8 Estructura de gestión diseñada a través del modelo de gestión hidrológica WEAP21 para las 

cuencas de (a) Alagón y el (b) Tiétar. 

1.9 Escenarios de sequía y cambio climático  

Sobre la base de los esquemas de gestión descritos anteriormente se plantean una serie de 

escenarios climáticos y de distintas intensidades de sequía para evaluar los efectos de estas 

variaciones sobre los niveles de satisfacción de los puntos de demanda de los sistemas de las 

dos zonas de estudio. A estos escenarios se añaden también escenarios de adopción de 

medidas de gestión alternativas para evaluar la variación en estos niveles de satisfacción de las 

demandas. 

La estructura de análisis de los escenarios planteados está representada en la tabla E2 y es la 

misma para las dos zonas de estudio. Los escenarios de cambio climático resumidos en la tabla 

E3 han sido diseñados de acuerdo con el último Informe de Evaluación publicado por el IPCC 

en 2007. 
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Tabla E2 Escenarios propuestos para el análisis 

Escenario climático Escenario de sequía Escenario de gestión Código 

Clima actual Prealerta Gestión normal CC0P 
  Medidas adicionales CC0PMo 
 Alerta Gestión normal CC0A 
  Medidas adicionales CC0AMo 
 Emergencia Gestión normal CC0E 
  Medidas adicionales CC0EMo 
Cambio climático 1 Prealerta Gestión normal CC1P 
  Medidas adicionales CC1PMo 
 Alerta Gestión normal CC1A 
  Medidas adicionales CC1AMo 
 Emergencia Gestión normal CC1E 
  Medidas adicionales CC1EMo 
Cambio climático 2 Prealerta Gestión normal CC2P 
  Medidas adicionales CC2PMo 
 Alerta Gestión normal CC2A 
  Medidas adicionales CC2AMo 
 Emergencia Gestión normal CC2E 
  Medidas adicionales CC2EMo 

 

Tabla E3 Escenarios de cambio climático aplicados en el estudio 

 Aportación de referencia (%) 
Escenario SON DEF MAM JJA 
Clima actual 1 1 1 1 
Cambio climático 1 0,88 0,88 0,88 0,88 
Cambio climático 2 0,88 0,94 0,84 0,76 

 

Los escenarios de sequía se han derivado de los análisis realizados a través de los indicadores 

de sequía para las dos zonas de estudio y su correlación con las variaciones de los valores 

medios de aportaciones para los cursos de agua introducidos en el modelo. Para el análisis de 

los escenarios de sequía se define en el modelo una secuencia de años caracterizados por un 

nivel de aportación determinado a partir del nivel medio. La tabla E4 presenta los valores 

representativos de cada uno de los escenarios de sequía analizados para cada tipo de año en la 

secuencia establecida que está representada el la figura E9.  
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Tabla E4 Variación de SPI y aportaciones para la simulación de escenarios de sequía. 

Tipo Clase SPI  Aportación (%  del normal) 
Very dry 1 ‐1 0.5 
Dry 2 ‐0,5 0.75 
Normal 3 0 1 
Wet 4 0,5 1.25 
Very wet 5 1 1.5 

 

Yearly sequence in the drought scenario
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Figura E9 Secuencia de años diseñada para el análisis de la sequía.  

1.10  Resultados agregados 

En la sección de resultados se presenta un análisis detallado de cada uno de los escenarios 

presentados en la tabla anterior, para analizar el impacto de las sequías en cada una de las 

unidades de demanda descritas en cada zona de estudio. Sin embargo, en este resumen sólo 

se presentan los resultados agregados para las dos zonas representados en las figuras E10 y 

E11.  
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Figura E10 Resultados agregados para el análisis de gestión de la cuanca del Tiétar. Puntos de 

demanda regulados 
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Figura E11 Resultados agregados para el análisis de gestión de la cuenca del Alagón. Puntos de 

demanda regulados 

Estas figuras representan todos los resultados obtenidos para los 21 escenarios que están 

situados en el eje de abscisas, la línea verde representa el nivel de cobertura de la demanda en 

porcentajes, la línea azul la cantidad de agua disponible en el sistema en hm3, la línea naranja 
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representa la demanda total del sistema en cada escenario, también en hm3 y la línea roja 

representa los fallos del sistema para satisfacer todas las demandas en hm3. 

Observando la línea azul se aprecian claramente los tres escenarios de cambio climático y 

dentro de éstos, los tres niveles de severidad de los eventos de sequía. La línea de demanda 

total incrementa progresivamente porque en cada escenario el nivel de precipitación es menor 

que en el anterior y aumentan los requerimientos de riego de los cultivos. Observando la línea 

de fallos del sistema para satisfacer las demandas podemos apreciar la diferencia de este valor 

para cada una de las fases de sequía siguiendo las reglas de gestión habituales del sistema o 

aplicando medidas de gestión alternativas, en este último caso, se aprecia claramente como el 

nivel de fallo del sistema disminuye notablemente pero en menor cantidad a medida que se 

aplican escenarios de cambio climático más severos. En el escenario de clima actual los 

impactos producidos por cualquiera de los niveles de severidad de la sequía se recuperan casi 

totalmente y sin embargo, en el primer escenario de clima modificado los niveles de 

recuperación nunca llegan a ser nulos: En el segundo escenario de cambio climático los niveles 

de fallo son todavía mayores. Existen importantes diferencias entre los dos sistemas analizados 

ya que las figuras E10 y E11 muestran los niveles de fallo del sistema para los puntos de 

demanda regulada y no regulada, incluyendo sólo las demandas reguladas se aprecia un clara 

diferenceia entre el Alagón, que es capaz de recuperarse perfectamente después de eventos 

de sequía de cualquier intensidad en los tres escenarios climáticos propuestos y el Tiétar que 

es capaz de recuperarse en las condiciones actuales pero que muestra niveles 

significativamente altos de fallos para los escenarios de emergencia y para cualquier nivel de 

intensidad de sequía en los otros dos escenarios de cambio climático. 

1.10.1 Resultados agregados para reglas de gestión modificadas 

De acuerdo con estos resultados obtenidos se han propuesto en el estudio medidas de gestión 

diferentes y adaptadas a las consecencias de la sequía en cada uno de los casos de estudio. En 

el caso del Alagón se propone una relajación de las medidas de gestión de la sequía asociadas 

a cada nivel de intensidad ya que el sistema no muestra ningún fallo operando en las 

condiciones actuales y la reducción de las restricciones de demanda durante la sequía podría 

tener beneficios económicos y sociales para toda la cuenca. En el caso del Tiétar, sin embargo, 

se simulan dos propuestas alternativas de gestión, una es la reducción permanente de la 
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demanda agrícola en toda la cuenca mediante la adopción de medidas de adaptación tales 

como la mejora de la eficiencia de los sistemas de riego o el cambio a cultivos con menores 

requerimientos hídricos que los presentes y la otra es un incremento en la regulación 

aumentando el 20% la capacidad de almacenamiento de los embalses presentes en la cuenca. 

Los resultados no muestran mejorías importantes en el caso del incremento de la regulación y 

en cambio son bastante positivos en los otros dos casos. Las figuras E12, E13 y E14 muestran 

los resultados agregados para las dos cuencas y se aprecia claramente como en el Tiétar, el 

nivel de fallos del sistema disminuye de manera significativa al adoptar medidas de gestión de 

la demanda, sin embargo no disminuyen de forma significativa al aumentar la capacidad de 

regulación de la cuenca. El análisis individualizado de los puntos de demanda regulada muestra 

cómo el nivel de fallo en el sistema del Tiétar aumenta progresivamente con los escenarios de 

cambio climático adoptados, siendo significativamente más alto en el segundo escenario que 

implica una disminución de precipitación más importante durante la primavera y el verano. 

En el caso del Alagón es interesante observar como una relajación de los indicadores de sequía 

sería perfectamente asumible para este sistema. El estudio de los puntos de demanda 

regulada revela cómo el sistema será perfectamente capaz de superar los eventos de sequía 

adoptando medidas de gestión menos restrictivas, ya que se mantiene más o menos estable el 

nivel de fallo del sistema en relación a la gestión actual. Sin duda, esta modificación en las 

reglas de gestión actuales derivaría en impactos económicos y sociales mucho menores para 

las actividades agrícolas de la cuenca. 
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Figura E12 Resultados agregados para el análisis de gestión de la cuenca del Tiétar con reglas de  

gestión modificadas. Puntos de demanda regulados 
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Figura E13 Resultados agregados para el análisis de gestión de la cuenca del Tiétar con incremento del 

nivel de regulación. Puntos de demanda regulados 
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Figura E14 Resultados agregados para el análisis de gestión de la cuenca del Alagón con reglas de  

gestión modificadas. Puntos de demanda regulados 

1.11  Resumen de las conclusiones principales 

A continuación se resumen las conclusiones principales derivadas del estudio. 

La aplicación de un conjunto de indicadores basados en la precipitación y las aportaciones 

permite la identidficación efectiva de los periodos de sequía y permite la adopción de medidas 

de gestión alternativas para reducir los impactos de la sequía en el sistema. La selección de los 

niveles umbrales adecuados para estos indicadores de acuerdo con la s características del 

sistema en el que se aplican son esenciales para una gestión efectiva de la sequía. 

Los resultados del estudio han revelado la importancia de tener en cuenta la capacidad de 

regulación del sistema para el análisis de la sequía. Los indicadores basados en la precipitación 

son útiles para la puesta en marcha de medidas de gestión alternativas pero los niveles 

umbrales seleccionados varían de un sistema a otro teniendo en cuenta su capacidad de 

regulación. 
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El modelo agronómico aplicado revela un incremento importante de los requerimientos 

hídricos de los cultivos durante los periodos de sequía, añadiendo un estrés adicional sobre los 

sistemas de abastecimiento durante estos periodos. Estos incrementos no se tienen en cuenta 

generalmente en los planes de gestión de sequía actuales y son indispensables para el diseño 

de medidas de gestión alternativas eficientes que minimicen el daño a los cultivos. 

El análisis de la variación de requerimientos hídricos también resulta interesante para la 

posible selección de cultivos alternativos adaptados a la disponibilidad de agua en la cuenca en 

el medio y largo plazo. 

Los escenarios de cambio climático aplicados muestran como una disminución de la 

precipitación más acusada durante la primavera y el verano tendrían consecuencias mucho 

más negativas en las dos cuencas analizadas, mientras que una disminución homogénea a lo 

largo del año supondría menores impactos en ambos casos. 

Los impactos del cambio climático serán significativamente mayores en aquellos sistemas que 

actualmente operan en márgenes elevados de riesgo de fallo. En estos sistemas será necesario 

modificar la gestión para condiciones normales de precipitación mientras que las reglas de 

gestión actuales pueden ser adecuadas en el futuro para los sistemas que actualmente operan 

en márgenes bajos de riesgo de fallo.  

La escala mensual utilizada para el análisis en el modelo de gestión del agua permite la 

modificación de las medidas de gestión a lo largo del año hidrológico de acuerdo con la 

evolución de los indicadores, mejorando la capacidad de reacción para actuar frente a 

periodos de sequía y reducir sus impactos. 

Los resultados obtenidos para la cuenca del Tiétar revelan la poca eficiencia del aumento de la 

capacidad de regulación frente a una disminución generalizada de la demanda de agua. Esto se 

debe principalmente a la reducida capacidad de regulación actual y al papel del principal 

embalse de la cuenca, Rosarito, como herramienta de control de avenidas, que limita su 

capacidad de almacenamiento durante la primavera. 

La aplicación de medidas alternativas de gestión menos restrictivas en la cuenca del Alagón 

parece una solución adecuada para minimizar los impactos económicos de las restricciones de 
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consumo impuestas durante los periodos de sequía sin incrementar los niveles de riesgo de 

fallo del sistema. Este aspecto pone de manifiesto, una vez más las importantes diferencias 

entre los dos sistemas analizados. 

La estacionalidad de los periodos de sequía también determina el tipo de medidas de gestión 

alternativas que pueden ponerse en práctica. Las sequías durante el invierno permiten un 

margen más amplio para la evaluación de potenciales medidas mientras que las sequías 

durante la primavera y el verano requieren soluciones más rápidas que pueden no resultar las 

más eficientes. La utilización de sistemas de apoyo a la decisión como el aplicado en este 

estudio permite hacer una evaluación integrada de todos los posibles escenarios para evaluar 

de antemano sus aplicaciones potenciales.  
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2 Scope and objectives 

2.1 Drought: a complex management problem  

During the last decades water resources are facing severe challenges all over the world. The 

supply and demand imbalances arising from economic development objectives, demographic 

dynamics and environmental limitations (United Nations, 2006; Gleick, 2003) generate 

important conflicts and impose hardly controllable stresses on water management. During the 

second half of the 20th century these pressures have intensified both at the spatial and 

temporal scale, but, at the same time, the increasing knowledge about degradation and 

depletion processes have derived to an increased governmental and legislative activity to 

manage and protect water resources (Iglesias et al., 2005). Allocation of limited water 

resources, environmental quality and policies for sustainable water use are issues of increasing 

concern and conventional supply‐oriented simulation models are not always adequate (Yates 

et al., 2005a, b). 

The trends of decreasing precipitations and increasing temperatures in the Mediterranean 

region intensify this situation and are of special international concern in the context of climate 

variability and change (IPCC, 2007). The large climate variability – characteristic of the region‐ 

makes drought events appear as a recurrent phenomenon in the area, causing important 

damages in both the economy and the environment (Vogt et al., 2000; Lázaro et al., 2001; 

Iglesias et al., 2005). Mediterranean countries are especially sensitive to climatic conditions 

because physical factors are less suited for agriculture and technological buffer (Iglesias, 

2003b, Varela et al., 2002). The Mediterranean is one of the areas where water resource 

scarcity and conflicts between different water users are more dramatic. 

Water resources management is a horizontal issue with important implications in different 

social, environmental and economic aspects, requiring a coordination among sectors that is 

not easily reached. Pressures derived from agricultural activity or tourism intensification, on 

one side, and standards imposed by the newly developed European Directives (Water 

framework Directive, Nitrates Directive or the Strategic Environmental Assessment Directive) 
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on demand satisfaction and water quality on the other, derive in management conflicts that 

are intensified during drought periods. Increasingly operational objectives for the management 

system seek to balance water for human use and water for environmental needs (Bouwer, 

2000). Water resources planning is part of complex, multi‐disciplinary investigations 

overarching a wide range of stakeholders with different interests, technical expertise, and 

priorities. Successful planning requires effective Integrated Water Resource Management 

(IWRM) models that can solve these complex problems. Economic factors continuously push 

the intensification of land and natural resources use even if there is international generalised 

acceptance of the risk associated to climate change. A better understanding of interactions 

among climate, agriculture and society is absolutely essential for any modification in these 

European policies (Iglesias et al., 2006b, Varela, 2003). 

Some agricultural policies have resulted in an increased pressure on water resources 

management (Iglesias et al., 2005, Iglesias et al., 2006b, Mejías et al., 2004). These pressures 

generally derive in conflicts and in an apparent lack of political response towards sustainable 

development due to the complex institutional organization (Iglesias et al., 2005, Varela et al., 

2003). The analysis of the political context is essential when scientific and technical aspects are 

intended to influence policy, allowing the results of the technical studies to provide 

appropriate and timely advice for management decisions. This is particularly important where 

the issues and problems under consideration are complex and involve interdisciplinary aspects, 

as is the case with drought management. 

Drought is generally considered as severe when it affects water supply systems (hydrological 

drought); in this case drought management calls for operational management and prediction 

capacity. Agriculture is the principal affected sector due to the direct dependence on surface 

and groundwater supply. During periods of low runoff, the water that reaches reservoirs 

shows a higher concentration of nutrients and pollutants, this matter added to the progressive 

increase in demand for domestic consumption in urban areas and irrigation creates a difficult 

situation where supply is not able to respond with the needed flexibility during periods of 

drought. 

Governments have traditionally faced drought with a reactive approach, through emergency 

management. This approach is the one that requires emergency measures to face the 
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problems waiting until the onset of the event to react upon water deficit, when it is already 

too late to prevent most of the impacts caused by drought (Vogt et al., 2000; Bazza, 2002; 

Rossi, 2003; Wilhite et al., 2005). The limitations of emergency measures have been 

thoroughly described in previous works (Bazza, 2002). These types of actions are opposed to 

strategic actions that imply the planning in advance for the enhancement of supply 

infrastructures, modifications in management options and regulations.  

The potential adoption of strategic measures to avoid or mitigate the impacts of drought 

depends on the availability of models and tools that allow the simulation of measures’ 

application. One of the main difficulties in drought management policies implementation is the 

lack of previous experiences in similar conditions and the insufficient data records to foresee 

the potential results of such policies. The use of simulation models plays a key role and is 

generalized both for generating of data series, integrating model variables and making 

projections of future systems’ responses. Decision support systems (DSSs) are increasingly 

being used in water management for the evaluation of impacts of policy measures under 

different scenarios and are being adopted in decision making processes.  

Although Decision Support tools have an enormous potential for the identification of water 

management strategies, they are often limited due to their inability to address political and 

social conflicts over competing demands for water uses. Furthermore, some tools do not 

facilitate communication between scientists and policy makers. A need for a reorientation of 

science to support policy making and for the adoption of multi‐sectorial and multidisciplinary 

approaches integrating socioeconomic and environmental considerations is evident.  

There are two distinct aspects essential for drought management. The factors related to the 

biophysical system ‐climate, land cover, surface water hydrology, groundwater hydrology, 

soils, water quality, and ecosystems‐ determine the availability of water and its flow through a 

watershed. The factors related to the socioeconomic system shape how available water is 

stored, allocated, delivered and used within or across watershed boundaries. 

The current version of the EC Water Framework Directive does not explicitly include drought 

events or climate change issues. The European Commission is currently preparing information 

and research oriented to obtain insights about the potential impacts of climate change on the 

sector and derive proposals for methods and alternatives on mitigation and adaptation to 
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climate change to be included in other directives such as the Common Agricultural Policy 

(CAP). 

Countries like Spain have recently developed new pieces of legislation that request all River 

basin Authorities to develop drought management plans that define clear identification 

methods, drought management thresholds and alternative measures to be applied to minimise 

the effects of drought. The WFD, however, only refers to drought periods as exceptional 

events when member states do not have to comply with the general regulated requirements. 

The current identification of vulnerable areas according to the WFD dispositions is based on 

physical and biochemical aspects of water in order to determine the quality of water and 

define the existing risk of pollution. Taking into account the scenarios for future climate 

recently published by the IPCC, pollution is not the only risk threatening water quality 

standards. All these aspects depend to a large extent on water demand and pollution 

emissions into water, but they are also dependant on the availability of water and its 

distribution along the hydrological year. The risk characterization of water bodies in Europe 

should, therefore also include these aspects related to drought events and climate change as 

they are intimately related to water quality issues.  

Currently, drought management is included in the basin hydrological plans in Spain, 

responding to the Law of the National Hydrological Plan (2001). These plans were mostly 

developed from the perspective of water supply, performing a risk analysis on the system with 

the goal of quantifying the probability of supply shortages on different time horizons. The 

management measures included in these plans were developed to overcome drought periods 

avoiding unacceptable water shortages. It was implicitly assumed that demand sites would be 

able to cope with those shortages, with little further analysis of this component of the system. 

2.2 Objectives 

The objectives of this study are: (1) to develop a methodological framework that responds to 

the multidisciplinary approach need gap including environmental, hydrological, agricultural, 

social, and policy components of the system; and (2) to apply the methods developed to 

evaluate concrete drought and climate change management strategies in two  contrasting 
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basins. The ultimate aim is to bridge the gap between environmental pressures (i.e., drought 

and climate change) and policy options (i.e., priorities of use and risk management) with 

respect to the development of drought management plans in Mediterranean basins. 

The specific objectives for this study can be summarized as follows: 

• Characterization of the management units. Identifying physical and management aspects 

essential for an integrated planning adapted to the particular conditions of the unit. 

• Definition of the drought and climate change scenarios. Starting by the analysis of the 

historical climate series for the study areas and selecting the criteria for drought 

identification derived from the literature, the drought events will be characterized and 

analysed for the different climate scenarios proposed. 

• Evaluation and calibration of the hydrological and agricultural models. Application of the 

models to obtain inflow values and water requirements for the different drought stages 

and climate scenarios. Results will be used as input values for the integrated water 

management model. 

• Evaluation of the unmet demand levels for the two study areas under current management 

for the drought periods under three different climate scenarios. 

• Proposal of alternative management options adapted to the conditions and needs derived 

from the results of the application of the integrated water management model and further 

evaluation of the effectiveness of such measures. 

 

The methodological approach is focused on demand analysis rather than on supply analysis; an 

important component of this study is the evaluation of water requirements variations for 

irrigation in the analysed system under different climatic and management scenarios. This 

analysis from the perspective of water demand emphasizes the importance of demand 

management measures in a context in which water supply enhancement is becoming 

increasingly difficult due to social constraints and environmental pressures. 

The methodological approach of the study is presented in Figure 1, illustrating the relation 

among the different tools applied for water demand and supply evaluation and the scenarios 

proposed to analyse the effects of drought and climate change on water management. The 
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proposed scenarios affect the results from the hydrological and agricultural models through 

their direct dependency on precipitation and temperature data and also the identification of 

drought periods and the related impacts. The results of these models are used as inputs and 

modifiers for the integrated water resources management model that is also used to simulate 

the efficiency of the application of alternative management options  

•  

Figure 1 Structure of the study  

The work is carried out in several phases. First, the analysis of historical precipitation and 

runoff series and the application of indices allow the characterization of drought periods in 

both basins. Second, agricultural water demand is calculated for the main crops for the whole 

series, being able to identify changes from normal years to drought years. Finally supply and 

demand are introduced into a water management model where different management 

options can be tested to evaluate their effectiveness in satisfying demands even during 

drought periods. 

As presented in Figure 2 the study follows a sequential structure that can be summarised in 

the following steps: (1) Description of the case study areas contxext (2) Water supply 

evaluation is done through the application of the hydrological model WATBAL to calculate the 

river runoff from precipitation and evapotranspiration series.  Drought and climate change 

scenarios are applied to the original series to simulate inflows under those scenarios. Also 

meteorological and hydrological drought events are identified through the use of indices. (3) 
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Agricultural water requirements are characterized using CROPWAT for the main crops in both 

river basins and evaluating the significance of differences between normal and drought years. 

The evaluation of nitrogen leaching is carried out using DSSAT to evaluate the potential effects 

of drought events on water pollution concentrations. (5) Unmet demand level is evaluated 

using the integrated water management simulation model WEAP21 for the average conditions 

of the system and for drought events and climate change scenarios. (5) Operational choices 

are introduced in WEAP to evaluate their effectiveness on unmet demand levels during or 

after drought periods and climate change scenarios. 

 

Figure 2 Structure of the study 

• Drought characterization. Based on the statistical analysis of precipitation series and the 

application of drought indicators. 

• Impact Assessment of drought on rainfed agriculture. At the Case Study level, analysis of 

the relationships between the indicators of drought and agricultural variables (crop yields). 

Cereal, olive, and grape productions are analysed to reflect the range of rainfed 

Mediterranean agricultural systems.  

• Evaluation of vulnerability. At Case Study, evaluation of the agronomic and social 

components of vulnerability to drought, reflecting the external (impacts) and internal 
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(social vulnerability) dimensions of risk that are addressed into drought management plans. 

This study explores the external and internal components of agricultural vulnerability to 

drought in order to investigate the extent to which such vulnerability can be managed. 

Minimization of vulnerability would require active interaction and co‐operation between 

the different economic sectors and stakeholders and the adoption of the necessary 

technical and institutional measures. 

2.3 The choice of the Case Studies 

Two case studies were selected for the analysis: the Tiétar and the Alagón river basins. Both 

basins support important irrigation demands, which are considered to be the most productive 

of the Tagus basin. The Alagón basin is characterized for having a significant storage volume, 

shared between urban and agricultural demands and also hydropower production in normal 

years.  

The management goal is to establish operating rules that guarantee the satisfaction of 

irrigation and urban demands during drought periods under different climate change 

scenarios. During drought years, available water resources are not enough to reach the end of 

the irrigation season and therefore water restrictions are agreed among all users. 

The Tiétar basin is characterized by its limited storage volume compared to the natural 

resources and demands. The irrigation use is in conflict with flood protection uses since the 

Rosarito reservoir has a very limited capacity for flood control. The management goal is to 

establish operating rules that allow for irrigation demand satisfaction while guaranteeing dam 

safety and flood protection in the downstream of the river. 

The two case studies are interesting because under similar climate and physical conditions 

they are very different in operational and management rules. The Alagón basin operates in a 

low failure risk range while the Tiétar is a clear example of a system with current satisfactory 

performance but reaching full capacity, therefore, extreme climatic events or a generalised 

change in current climate conditions may have important impacts, calling for policy measures 

to mitigate them. 
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3 A review of previous studies 

3.1 Drought management in Mediterranean basins  

The Mediterranean region is positioned at the border between the tropical climate zone and 

the mid latitude climate belt. In most of the region, precipitation is concentrated in the winter 

months and the summers are relatively dry and hot. Summer storms, however, are very 

important in some regions (islands, for example). Climate change could modify this 

equilibrium.  

Regional water resources are already under severe economic and demographic pressure, and 

the effects of climate change could pose serious questions about the sustainability of the 

region. In particular, climate change and increased severity of weather extremes and land‐use 

change may add to the existing problems of desertification, water scarcity, and food 

production; and introduce new challenges to human health, ecosystems, and national 

economies. For instance, trends in European agriculture are dominated by the EU Common 

Agricultural Policy (CAP). The CAP reform of 1992 reduced intervention prices by one third and 

substituted this by area payments, including set‐aside schemes. This process of reducing and 

transforming subsidies is continued in the Agenda, 2000 reform. In, 2003 it was decided to 

totally decouple agricultural subsidies from production. Future payments to farmers will be 

linked to environmental issues, food safety, animal and plant health, and animal welfare 

standards, as well as the requirement to keep all farmland in good agricultural and 

environmental condition ("cross‐compliance"). Climate change could intensify the negative 

effects of this scenario, changing established methods and practice, reducing biodiversity, and 

resulting in huge financial demands from the sector. 

Water resources in Spain are limited, scarce, and difficult to predict from year to year. The 

average annual potential water availability per capita considering the total freshwater 

resources is  2,700 m3 compared to 3,807 m3 in the European Union and 7,000 m3 worldwide 

(Iglesias et al., 2006a), but some Spanish regions have less than 1000 m3 per capita and year, 

such as the Southeast regions and the Archipelagos.  In addition, real available water resources 
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in Spain are less than half of the total freshwater resources. The country is diverse from the 

point of view of climate and water infrastructure. This result in important differences in the 

criteria needed to characterize drought across the territory. For example, in the basins where 

demand is above the available resources, drought usually results in crisis. 

Regulated water resources account for 40% of the total natural resources, compared with 8% 

worldwide. The potential use of water resources under natural regime in Spain is only 7% 

(Garrote et al. 1999), leading to an intensively developed regulation infrastructure. The 

regulation of water resources in Spain and the establishment of irrigation systems has been, 

without any doubt, an essential action for general economic development, allowing for the 

development of technified agriculture, supply of urban areas with their industrial and energy 

production demands and for tourism all over the country. However, current climate trends 

pose a new challenge on these systems that have a small regulation potential left. 

Groundwater use is intensive in many areas of the country contributing to an additional 10% of 

the total available resources (about 5 km3/year). With limited and scarce water resources and 

demand rising due to demographic shifts, economic development and lifestyle changes, water 

management problems are significant even without drought events, due to the imbalance 

between availability and demand.  

In Spain, groundwater resources play a vital role in meeting water demands, not only as 

regards quality and quantity, but also in space and time, and are of vital importance for 

alleviating the effects of drought (Garrido et al., 2000; Llamas, 2000). However, groundwater 

pumping should be controlled because excessive use of the aquifers can cause 

overexploitation problems with the consequent negative environmental, social and economic 

impact. Direct use of groundwater in Spain is currently estimated at 5 km3/year, mainly for 

irrigation use (80%), but the water quality is easily deteriorated due to point‐source pollution 

or diffuse pollution caused by agricultural and livestock activities (Estrela et al. 1995). 

Drought can have serious effects on the economy and the environment of Spain, on the 

population’s well being. For example, the major drought of the mid 1990s affected over 6 

million people, almost ten times more than the number of people affected by floods in Spain 

during the last fifty years. The economic damage caused by droughts in Spain during the last 

twenty years is about five times more than in the entire United States (CRED, 2005). Drought 
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events affect water supplies for irrigation, urban, and industrial use, ecosystem’s health, and 

give rise to conflicts among users that limit coherent integrated water resource management.  

Drought events in Spain have been frequent since1970 (Iglesias et al., 2005) and climate 

experts begin to encompass the realities of future water availability in the region (IPCC, 2007).  

The need to improve on the management system under drought is essential, if the objective of 

sustainable water management and ecosystem maintenance subscribed to by member states 

are to be achieved and maintained. Decision Support System (DSS) instruments have a 

enormous potential as tools for the identification of water resource management regimes in 

the Mediterranean basin, where water resource scarcity could prove a contributing factor to 

conflict and instability (Bettinger et al., 2001; Gu et al., 2000; Reitsma 1996; Walker et al., 

2001; Walker et al. 1996; Zhu et al., 1998, 2000). DSS tools can help to design management 

strategies which are flexible enough to accommodate changing political and socioeconomic 

situations as well as technological innovations, but, at the same time, strict enough to ensure 

the ecological sustainability of water uses (Bhaduri et al., 2000; Huang et al., 2001; Simonovic 

et al. 1996; Wierzbicki, 2000). Yet, DSS’ potentiality is too often not exploited because of a lack 

of interaction between policy makers and researchers: on the one hand, researchers are often 

not responsive to the needs of policy makers; on the other hand, policy makers have a 

tendency not to use scientific information for the formulation of water resources management 

policies. 

Recent studies about climate change implications for water management show a tendency to 

persistent dry spells for regions such as Spain; this behaviour characterises the regional 

drought vulnerability, as consequences for water resources are certainly more severe in 

regions with this tendency (Stahl, 2006). Even if climate projections predict general wetter 

conditions for most of Europe rare and severe drought events are also likely to increase, 

particularly in vulnerable regions such as Spain. 

The occurrence of droughts in the last decades has raised the awareness of the impact of this 

natural hazard across Europe. With climate change studies even predicting more severe 

hydrological extremes for the future, already competing demands for water resources may 

further aggravate (Stahl, 2006). Aiming at a better understanding of drought causes and 
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processes, the present study investigated drought characteristics in space and time and their 

implications for water management. 

As demonstrated in this study, forecasting and prediction of the regional drought conditions 

based on the use of early identification methods of such periods and the understanding of 

drought developing processes yields a great potential for a valuable accomplishment of 

drought watch systems and improved drought management that can avoid or minimise the 

potential impacts. 

3.2 The policy context 

The implementation of the new European Water Framework Directive (WFD) gives Spain the 

opportunity to develop integrated drought management plans that incorporate the extensive 

national experience in hydrological management with the new environmental challenges  

The development and application of national and international policies has a direct impact on 

the use and management of water resources. In Europe, for example, the Common 

Agricultural Policy tends to reduce the protection of agricultural products towards a more 

competitive position of the agricultural sector, while, at the same time, the application of the 

Water framework Directive will certainly increase agricultural production costs due to the 

foreseeable increase of water price. The combined application of both policies might reduce 

the economic viability of irrigation farms, especially in the interior areas where the most 

protected and traditionally subsidised irrigated crops are situated (cereals, oil crops or proteic 

crops)   

The application of the new CAP and WFD will not only affect the economic viability of these 

farms but also their environmental and social functions, essential for the rural structure and 

stability (multi‐functionality of agriculture). Policies related to water and agriculture can 

certainly increase or decrease some of the impacts produced by the agricultural activity, 

affecting indirectly environmental aspects (chemical pollution by nitrates leaching and 

pesticides application, soil salinity, genetic diversity or CO2 capture) as well as other aspects 

related to rural development (agricultural employment, labour seasonality, scenery, cultural 

heritage, etc.). For these reasons, decisions taken about modifications in the CAP and the WFD 
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should be complementary and take into account all these interrelationships and potential 

impacts in order to obtain an adequate balance among economic, social equity, and 

environmental conservation objectives.  

Once more, there is a clear need to coordinate policies affecting water resources management 

at the European level (Mejías et al., 2004). Some authors propose the possibility to expand the 

required conditions to receive the CAP subsidies in order to include the adaptation of crop and 

farming systems to the availability and projections of water resources availability changes.  

The Common Agricultural Policy 

Spanish agriculture is heavily influenced by European policy trends, especially the Common 

Agricultural Policy (CAP) and its environmental component. The latest reforms and innovations 

of this regulation tool have had a deep impact both in the distribution of crops and changes in 

land use and in the level of intensification of agriculture (García Álvarez Coque, 2006). As a 

direct consequence of these modifications, CAP has also had a deep impact n the water 

demand levels and localizations (Gómez Limón, 2002). 

The link between the CAP and water resources is reflected mainly and exclusively in the Rural 

development regulations, where the irrigation aspects are included, being a mayor part of the 

total budget of measures oriented to increase agricultural competitiveness (Atance, 2006).  

In Spain, this irrigation policy is developed through the National Irrigation Plan that includes 

two basic types of actions: irrigation areas modernization and new irrigation areas. The current 

effort is mainly placed over the first group of actions, already reaching important increases in 

water use efficiency rates. 

There are several factors that have stimulated the increase of agricultural water consumption, 

among them subsidies that encourage production and the development of new irrigation 

areas. 

• The CAP has an influence on water consumption in several ways: 

• The differentiation of subsidies related to irrigated and non‐irrigated systems 

• The investment in modernization of existing irrigation systems 

• The no‐requirements to comply with water quality standards to receive the subsidies 
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• The encouragement of crops over‐production, even more supported by irrigation   

The land use change in a river basin modifies the hydrological characteristics of the system, 

such as infiltration, runoff or erosion rates, resulting in more variable water flows and a 

modification of the correspondence between agricultural and hydrological droughts. Land use 

change has an impact on the availability of water and the periods of scarcity even when no 

change has been observed over the meteorological drought patterns. 

For these reasons it is important to take into account the potential scenarios of land use 

change according to the new modifications of the CAP in order to be able to evaluate water 

availability (affected by land use change) and irrigation requirements (indirectly determined by 

the price policy established by the CAP)  

The Water Framework Directive 

The Water Framework Directive (2000/60/EC) establishes a structure for the protection of 

groundwater, continental water, transition water, and costal water. This legislative instrument 

is based on a set of well defined objectives: (i) Prevent the deterioration, protect and enhance 

the state of water resources; (ii) Support the sustainable use of water; (iii) enhance the 

protection of the water environment through specific measures of progressive reduction of 

emissions (iv) ensure the progressive reduction of groundwater pollution and prevent future 

pollution, and (v) contribute to mitigate the effects of floods and droughts. The main objective 

of the WFD is to reach, at least, the “good ecological condition” for all water bodies for year 

2015. This condition will be evaluated through the use of biological quality elements 

(phytoplankton, microalgae and fish), hydromorphological elements and physic‐chemical 

elements, being the biological ones especially important (Borja et al., 2005) 

According to article 5 of the WFD every member state must develop a strategy to identify 

pressures and impacts in the characterization of water bodies. 

There is an opportunity to integrate the objectives of the WFD in the planning systems through 

the evaluation processes carried out in the land planning design, also affected by the Strategic 

Environmental Assessment Directive. This would facilitate the identification of significant 

problematic areas in terms of water quality and the consideration of the WFD requirements 
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(and other plans included in the SEA directive that also affect water quality) during the 

planning design. 

There are an increasing number of studies derived from the application of the WFD oriented to 

evaluate the pressures and impacts over water resources. All these studies generate relevant 

information about the effects of the WFD implementation and result efficient in the 

identification of vulnerable basins, but generally they all present some limitations:  

• Most of the effort developed up to date is descriptive at big geographical scales and have a 

low application potential et the operational level. In many cases it is complicated to 

presume specific management options because the development of tools to determine the 

effect of implementation of such policies has not been reached yet.  

• Many of these studies exclusively observe hydrological policies, excluding other policies 

that could also interfere, such as development or agricultural policies. However, these 

other policies, especially those related to agriculture, can have severe ecological 

consequences that increase pressures on water resources. 

• Drought risk management is an issue rarely included in policies related to water 

management, especially the aspects of uncertainty and drought risk perception. The new 

WFD includes the issue of drought in a very marginal way as exceptional periods when it is 

not compulsory to comply with the established water quality criteria. 

•  Climate change is not considered in many of these studies. Climate projections define a 

future of intensified pressures over water resources, especially in semi‐arid countries like 

Spain that should be accounted for in management strategies. 

 

Drought management plans in Spain 

The last water law in Spain (Law 10/2001, 5 July) in article 27 established the requirement for 

the development of drought management plans for all river basins in the country in two years 

from the publication of the Law. 

The general objectives of these drought management plans can be summarised as follows: 

• Guarantee the availability of water to ensure living and health conditions for the population  
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• Avoid or minimise the negative effects of drought on the ecological status of water bodies, 

especially on the ecological flows regime 

• Minimise negative effects on urban supply 

• Minimise negative effects on economic activities, according to the prioritization of uses 

established in water legislation and hydrological management plans 

In order to reach these objectives drought management plans are based on the definition and 

use of some common features: 

• Definition of mechanisms for prediction or detection of drought events 

• Definition of threshold values to determine the severity levels of drought (progressive 

severity phases) 

• Definition of measures to reach the established objectives in each of those phases 

• Ensure transparency and public participation in the development and implementation of 

plans. 

Therefore, the objective of drought management plans is to articulate actions and 

methodologies for the identification, control, risk assessment, decision making, and adoption 

of alternative measures that lead to the prevention and minimization of the negative effects of 

drought on the ecological, social and economic environment. 

3.3 The climate context 

3.3.1 Characteristics 

In relation to the broad global climatic classification, the Iberian Peninsula has Mediterranean 

climate, since the dry period coincides with the hot period of the year. The Mediterranean 

region is located north of the subtropical zone and its climate is characterised by hot and dry 

summers and cold and rainy winters. The Mediterranean climate is also characteristic of other 

world regions: Coastal areas of California, South Africa and southern parts of Australia.  

Atmospheric circulation patterns determine climate properties and year‐to‐year climatic 

variability. The location and persistence of high pressure centres, has a major influence on 

rainfall deficits over Europe. Particular emphasis is given to the role of blocking highs in 

controlling the storm track position. For example, in the Iberian Peninsula, the high pressure 
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centre located over the Azores’ Islands, results in decreased rainfall. The major northwest 

European drought events of 1976 and 1995 are used as case studies to illustrate these 

atmospheric forcing (Xoplaki et al., 2003). 

In summer, the high pressure belts of the subtropics drift northwards in the Northern 

Hemisphere (during May to August) and southwards in the Southern Hemisphere (during 

November to February). They are coincident with substantially higher temperatures and little 

rainfall. During the winter, the high‐pressure belts drift back towards the equator, and the 

weather becomes more dominated by the rain‐bearing low‐pressure depressions. Whilst 

usually mild, such areas can experience cold when they are exposed to the cold winds of the 

large continental interiors (Bolle, 2003). 

3.3.2 Climate teleconnections and seasonal forecast 

The climate context for the Mediterranean is one of very strong variability requiring careful 

management, together with some seasonal forecast skill. Research does suggest that sea‐

surface temperature forcing explains part of the precipitation variability, especially in countries 

like Morocco where part of the rainy season (March‐April) is correlated with the El Nino / 

Southern Oscillation and the North Atlantic Oscillation (Rodó et al. 1997; Ward et al. 1999; 

Iglesias, 2003ab; Iglesias et al., 2007).  

El Niño Southern Oscillation (ENSO) is a recurring phenomenon of warming in the surface of 

the tropical Pacific Ocean, suppressed upwelling of cold water along South America, 

alternation of high and low pressure in the Eastern and Western Pacific, disruption of the trade 

winds, and dramatic changes in rainfall patterns (Cane et al., 2000 Cane, 2000). La Niña events 

are the reverse. Although the ENSO phenomenon occurs in the tropical Pacific, the associated 

climate effects occur on a more global scale (Cane et al., 2000 Cane, 2000)and, in turn, have 

broad regional implications for crop yields (Adams et al., 2003). Figure 3 shows the relationship 

between the ENSO phases and temperature in Europe and Northwest Africa. Although the 

relationship of NAO and precipitation is not that well established, there seems to be a small 

relationship between spring rainfall and the temperature in the tropical Pacific Ocean (Niño 34 

region, Figure 2, Iglesias, 2003a). 
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Figure 3 Temperature probabilities for the winter (JFM) associated with El Niño. Source: International 

Institute for Climate Prediction (IRI). http://iri.ldeo.columbia.edu 

If climate forecasters were able to disseminate information on upcoming ENSO‐induced 

weather patterns with sufficient lead time, farmers could adjust by altering a variety of crop 

decisions, such as growing less (or more) water consumptive crops, planting drought resistant 

varieties, or altering planting times. This could have a positive impact on crop production, 

enhancing food security, profits, and social welfare (Adams et al., 2003). 

The North Atlantic Oscillation (NAO) is the dominant mode of winter climate variability in the 

North Atlantic region and therefore the western Mediterranean areas. The NAO is a large scale 

seesaw in atmospheric mass between the subtropical high and the polar low (van Loon et al. 

1978) (Figure 4).  

  
Positive NAO Index 
 

Negative NAO Index 
 

Figure 4 Phases of the North Atlantic Oscillation (NAO). Source: http://www.ldeo.columbia.edu/NAO 
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The NAO index is the anomalous difference between the polar low and the subtropical high 

during the winter season (December through March) and varies from year to year, but tends to 

remain in one phase for intervals lasting several years. A positive NAO index implies: Stronger 

winter storms crossing the Atlantic on a more northerly track, and warm‐wet winters in Europe 

and east USA and cold‐dry winters in northern Canada and Greenland. A negative NAO index 

results in: Fewer and weaker winter storms crossing on a more west‐east pathway, and moist 

air into the Mediterranean, cold air to northern Europe and east USA, mild temperature in 

Greenland (van Loon, H. et al. 1978). 

The North Atlantic Oscillation (NAO) influences rainfall in the region and therefore drought 

patterns. Current scientific understanding of the NAO phenomena does not provide a strong 

basis for predictability, although a repeating signal in NAO evolution from about August to the 

following March has been noted and offers prospect for some anticipation of NAO evolution 

(Lamb et al. 1997).  

At the present time, the small skill for predicting climate in the region is based on its 

connections with NAO and ENSO. The temporal scales of climate variability observed in the 

Mediterranean, from seasonal to decadal require careful evaluation in the context of risk 

management.  

3.3.3 Climate trends 

Over the last three decades spring rainfall has decreased in many areas of the Mediterranean 

region causing severe problems associated with drought, especially in the agricultural sector 

(Iglesias, 2003a). The structural water deficit of many areas in the region has been aggravated 

during three periods of severe drought (1975‐76, 1981‐82, and 1992‐95), each more severe 

than the previous one. During these droughts, besides the collapse of the agricultural 

activities, urban water supply was affected significantly. As an example, the water supply of 

the metropolitan area of Sevilla (1,300,000 inhabitants) suffered a severe emergency in 1995 

with urban water restrictions up to 10 hours per day (CEDEX, 2001).  

Mediterranean water resources are under severe stress. There is high competition between 

agriculture and tourism in summer, with a high water requirement coinciding with low to zero 

rainfall amounts. The situation is dynamic, and unlikely to improve in the future. The current 
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resident population in the countries bordering the Mediterranean Sea is 450 million (in 1997) 

and is projected to increase to 520‐570 million in 2030 (FAOSTAT, 2005). Tourism to the 

Mediterranean region was estimated at 135 million visits in 1990 and is projected to increase 

to as many as 235‐350 million visits in 2025 (EEA, 2003). 

Drought is believed to be a decadal phenomenon. However, data from the last two decades 

seem to suggest an increase in its frequency (Karaky et al., 2002). In Mediterranean countries, 

drought can no longer be considered as an exceptional event, but rather as a natural 

phenomenon linked to the climate of the region and to the hydrological system management. 

It should be managed using sound risk management principles to anticipate its effects and to 

lessen its impacts on productive economic activities, social well‐being and natural 

environment. 

Further analysis of future trends in relation to climate change and discussion of climate change 

scenarios is included in Section 10. 

3.4 The agricultural context 

Agriculture in the Mediterranean is both the main use of the land in terms of area (over 50% of 

total land area) and the principal water‐consuming sector (over 60% of total water 

consumption) (FAO, 2006). Mediterranean countries differ in development levels (e.g., 

income), mechanisms of risk‐sharing (e.g., insurance), technological innovations (e.g., irrigation 

techniques), and information delivery systems, therefore providing a framework for analysing 

coping and communication strategies (Iglesias, 2002). 

Today agriculture accounts for nearly 70% of the total water in Spain (Figure 5; FAOSTAT, 

2005) and competes with other uses that often have priorities in drought situations. Irrigated 

agriculture is extremely important, defines systems that are more productive and less variable, 

and is less dependent on climate fluctuations than rainfed agriculture. However, rainfed 

agriculture is commonly used in climate change and drought studies precisely because of the 

great extension of these crops all around the world and the direct relation between plant 

development and climate, what allows a more accurate attribution of impacts and also permits 

the comparison between countries at different development stages. Therefore there is a need 
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to understand mechanisms for stabilizing rainfed production, such as drought tolerant 

varieties, early warning systems, or adequate land management, among others.  

Agriculture   
68%

Domestic 
13%

Industrial  
19%

Water use in Spain

 

Figure 5 Water use in Spain (Source: FAOSTAT, 2005)  

Caraveli’s comparative study on intensification and extensification in 2000 characterizes the 

mediterranean region as an area with common biophysical, climatic and structural conditions: 

• A relatively high proportion of poor soils; 

• High levels of precipitation deficit (a limitation which has been partly offset by irrigation); 

and  

• Severe structural weaknesses, which imply the persistence of a relatively high proportion of 

economically marginal or semi‐subsistence farmers. 

Table 1 summarises the structure of land management in selected European countries, 

indicating that the farm size in Mediterranean countries ‐‐ considerably smaller than in 

northern and central European countries – reflects the high proportion of agricultural systems 

that are economically marginal. Even if the values for Spain are quite similar to the total 

average, they still show important differences with the countries in Northern Europe. 
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Table 1 Average farm size in northern and Mediterranean European countries 

 
Average farm  
size (ha) 

 % of farms in the  
size class of < 5 ha 

% of farms in the  
size class of > 20 ha 

Northern countries       
Belgium 17.6 32.7 31.5 
Denmark 32.7 2.3 58.4 
Germany  28.1 31.3 34.2 
France 35.1 27 49.8 
Netherlands 16.8 32.1 31.1 
UK 67.3 14.4 57 
Mediterranean countries       
Greece 4.3 75.3 2.8 
Italy  5.9 77.3 5.4 
Spain 17.9 57 15 
Portugal 8.1 77.9 4.9 
EU‐15  16.4 58.3 18.2 
    

Source: EUROSTAT, 2005 

The unfavourable natural and structural conditions of Mediterranean regions are reflected in 

the high proportion of land with natural limitations acting as major determinants of land 

productivity and the degree of intensity of agricultural production (measured by the use of 

inputs/ha of agricultural land) which has been relatively limited in southern Member States of 

the EU and Northern Africa (Caraveli, 2000, Skees et al., 2001). 

The model of economic growth, followed by Mediterranean agricultural sectors, has led to the 

creation of only certain patches of intensive farming, mainly in the most easily accessible 

routes of the continental part of these countries, while leaving the mountainous and insular 

regions in the shadow of this development process (OECD 1997). 

Agricultural sensitivity to climate conditions is especially important in countries like Spain 

where the physical factors affecting production are less suited to farming and where 

technological buffering to droughts may be significantly less advanced (Iglesias, 2003b). There 

is a significant difference though as water stress is mainly caused by population growth in the 

southern Mediterranean while in the north the main cause is agriculture intensification. 

Spanish agriculture has experienced a process of intensification since the 50s that has implied 

an overall decrease of the total agricultural surface. Cereal production – mainly wheat and 

barley ‐‐ is the most significant agricultural resource, accounting for about 70 percent of all 

agricultural lands (FAOSTAT, 2005). Cereal producer prices are heavily influenced by the 
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government and are set at relatively high levels compared to world prices (FAOSTAT, 20052). 

Cereal production is encouraged, partly due to historical reasons and because a large number 

of the marginal rural population relies on it.  The recent perspective of bio‐fuel is changing the 

cereal producing expectatives. 

Crop production in Spain is extremely sensitive to large year to year precipitation fluctuations 

and to structural water deficits. Recent studies have shown a significant correlation between 

cereal production and drought indicators (Moneo, 2005; Iglesias et al., 2007). Figure 6 shows 

the land use in Spain in 1961 and, 2001. Arable and permanent crops have decreased in Spain, 

however, the intensification of Spanish agriculture is represented by the irrigated area that has 

doubled in this period. 
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Figure 6 Land use in Spain (FAOSTAT, 2005) 

3.5 Drought concepts and definitions 

Drought is a normal, recurrent feature of climate. It occurs in almost every climate with 

varying characteristics from region to region (Wilhite, 2000). Finding a common definition for 

drought is very difficult as no two droughts have the same extent, duration, intensity or 

impacts. Furthermore, they might be perceived differently by different water users (Bradford, 

2000).  

Drought is considered by many to be the most complex but least understood of all natural 

hazards, affecting more people than any other hazard (UNISDR, 2002). Drought does not have 

an easily detectable onset point as well as a clear distribution of impacts, it develops as a 
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consequence of a period of low precipitations and it is hard to define the exact point when a 

drought can be considered as such. In contrast, other natural hazards (earthquakes, floods, 

tsunamis) have a clear and well defined onset, duration and spatial extent. At the end, 

droughts are defined based on a long time series of data which of course are different for 

different locations. 

Several authors tried to design a common definition and agreed on the difficulty to find it. 

There is no universally accepted definition of drought (Wilhite, 1992; Tate et al., 2000), and 

approaches to define it reflect nothing but regional and ideological differences (Wilhite, 1992, 

Lloyd‐Hughes, 2002). Scientific literature agrees on the definition of drought based on the 

systems affected by it: meteorological drought, hydrological drought and agricultural drought. 

Most authors in all fields relate to this classification.  

The literature review on the classification of drought is based on the concepts and definitions 

of the National Drought Mitigation Centre (NDMC), 2005; UNDP, 2004a; Cubillo, et al., 2003; 

and Iglesias et al., 2005. 

Drought events always follow a common evolution sequence that implies different impacts on 

water requirements. The early identification of drought can be helpful in triggering 

management actions that reduce these impacts and avoid water use conflicts in a hydrological 

system. Figure 7 presents the evolution and development of drought events settling the 

temporal relation between the different types of drought and the common associated impacts 

for each of these drought stages. The downward‐pointing time arrow on the left of the figure 

indicates increasing duration of drought. The central boxes illustrate the shifting and 

increasingly damaging impacts as the drought persists, moving from Meteorological to 

Agricultural to Hydrological Drought conditions. 

The natural evolution process of drought starts with (i) a significant decrease of precipitations 

compared to a historical average that can also be accompanied by an increase in 

temperatures, creating a dry environment that derives in an increase of evapotranspiration, 

reduced infiltration and groundwater recharge, this is called meteorological drought. If this 

precipitation decrease continues in time it can lead to (ii) a noticeable soil water deficit that 

can result in plant water stress and decreased crop productivity. The last stage of drought 

evolution is the (iii) hydrological drought, when precipitation decrease continues over enough 
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time to have an impact on hydrological systems, decreasing streamflow and inflow to 

reservoirs, lakes and affecting the natural regimes of wetlands an ecosystems associated to 

water bodies.  Each of these stages of drought create their own characteristic impacts on 

environmental, social and economic aspects and therefore they should be correctly 

understood and identified for an effective mitigation action.  
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Figure 7 Drought stages. Source: Own elaboration based on Wilhite, 2005 

Meteorological drought 

It refers to a period of deficient precipitation (often compared to some normal or average 

value) and the duration of this dry period. Therefore, intensity and duration are the key 

characteristics of these definitions. Most meteorological drought definitions relate actual 

precipitation departures to average amounts on monthly, seasonal, water year, or annual time 

scales. Human perceptions of these conditions are equally variable. Definitions of 

meteorological drought must be considered as specific to a region since the atmospheric 

conditions that result in deficiencies of precipitation are highly variable from one region to 

another. In addition to lower precipitation, meteorological drought may also be associated to 

other circumstances (higher temperatures, high speed winds, low relative humidity, increased 

evapotranspiration, resulting in reduced infiltration, less runoff, reduced deep percolation and 

reduced groundwater recharge) that aggravate the impacts of drought. The primary indicator 

for meteorological drought is precipitation. 
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Agricultural drought 

Agricultural drought for rainfed agriculture could be defined as the deficit in soil moisture 

following a meteorological drought that produces negative impacts on crop production and/or 

natural vegetation growth; it links various characteristics of meteorological drought to 

agricultural impacts, focusing on precipitation shortages, differences between actual and 

potential evapotranspiration (ET) and soil water. For irrigated agriculture it is not only the 

precipitation value that is involved but also the regulation and storage system.  An operational 

definition of agricultural drought should take into account the variable susceptibility of crops 

at different stages of crop development. As it will be shown by the results of this study, not 

every season’s precipitation has the same influence on final annual crop yield and this 

influence is also highly dependant on the topsoil and subsoil moisture level at different growth 

stages.  The impacts of drought are also specific to each crop because the most weather‐

sensitive biological stages vary between crops. But other conditions are also determinant for 

the intensity of the impacts of drought on crop yield, high temperature stress that occurs in 

association with dry conditions may coincide with a critical weather‐sensitive growth stage for 

one crop while being a neutral stage for another crop. Agricultural planning can often reduce 

the risk of drought impact on crops by altering cultivation practices. 

Hydrological drought 

Hydrological drought is related to the consequences of rainfall deficiency in the hydrologic 

system. It refers to a decrease in surface or subsurface water supply (runoff, reservoir, lake 

and groundwater levels) and must also be considered as region specific since hydrological and 

regulation systems have specific characteristics in each region. Impacts on hydrological 

systems are usually observed after the occurrence of meteorological and agricultural droughts 

because responding times to precipitation deficits are longer for hydrological systems. 

Indicators for this kind of drought are usually a threshold level of stream flow, lake, reservoir, 

and groundwater levels. In addition, water in hydrological storage systems is often used for 

multiple and competing purposes (e.g., power generation, urban supply, irrigation, recreation), 

that complicates even more the sequence and quantification of impacts. Competition for 

water in these storage systems escalates during drought, and conflicts between water users 

can increase significantly deriving in severe social and environmental consequences if they are 

not handled carefully. 
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Drought and water scarcity 

One aspect that should be discussed and clarified is the important differentiation between 

drought and aridity, two terms that imply very different situations and very different 

management strategies, and that can be highly related in time and space leading to common 

misunderstanding. 

Drought is a circumstantial, temporal situation that can be observed in nearly every climate in 

a specific moment, it is a situation of exceptional low precipitation values. Aridity, on the other 

hand, is a climatic characteristic of a specific area; it is the permanent situation of low annual 

or seasonal precipitation.  

Table 2 expresses the differences between four terms that tend to be generally 

misunderstood. The differences between the four lie on the factor that originates the situation 

and the temporal character. Attending to these two aspects: 

• Drought is a temporal situation induced naturally by a period of low levels of precipitation. 

• Scarcity is also a temporal situation induced by an incorrect or insufficient human 

management of the available water resources. 

• Aridity is a permanent and natural situation of low precipitation. 

• Desertification is a process originated by inappropriate human management that leads to a 

permanent and not reversible situation of natural resources degradation (especially water 

and soil). 

 

Table 2 Drought, water scarcity, aridity and desertification. Source: Iglesias et al., 2005. 

 Temporal Permanent 
Nature induced DROUGHT ARIDITY 
Man induced SCARCITY DESERTIFICATION 

 

In all cases, both man and nature induced changes are dynamic and interact with each other. 

For example, natural drought in southern Mediterranean areas subject to overgrazing or 

intensification of agriculture can result in permanent desertification of the land because of 

environmental conditions worsened by human activities overexploitation. It is unclear whether 

climate changes during the last century have enhanced these processes. In most cases, land 
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use management determines the trend towards desertification and the irreversibility of the 

changes (Iglesias et al., 2005).  

Climate change and desertification are interrelated, but these processes should not be 

confused or interchangeably referred to if we are to address the complex issues of drought 

and water management in the Mediterranean region on a sound scientific basis. Furthermore, 

in this region drought can no longer be considered as an exceptional event, but rather as a 

natural phenomenon linked to the climate of the region and to the hydrological system 

management. 

Future climate change could also have important effects on social and economic dynamics 

increasing inequalities among regions, fostering economic migration and poverty and impeding 

access to essential resources. The Mediterranean region is very diversified in social and 

political development and therefore the impacts of climate change can vary enormously from 

one region to another, but as a whole, the area is threatened to suffer new hazards and to 

exacerbate existing ones such as: flooding, heat waves (e.g., Mediterranean region in, 2003), 

droughts (e.g., Spain and Portugal in, 2001, 2004, and, 2005) and other risks derived from 

actual water scarcity, diminished food and water quality, ecosystem changes, increased south‐

north migration, and new emerging infectious diseases are also of concern to Mediterranean 

populations. 

3.6 The impacts of drought 

3.6.1 Impacts in different sectors 

Drought can strike just about anywhere around the world, affecting more people than any 

other natural hazard (Wilhite, 2000), and producing a wide range on impacts. The complexity 

of drought impacts derives from the importance of water for industrial, agricultural, natural 

and domestic productivity, as well as for the dilution of effluents, navigation, hydropower and 

recreation. Impacts are referred to as “direct” or “indirect” depending on the temporal and 

spatial scale of their occurrence. 
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Drought occurs with differing frequencies throughout the world and affects all types of 

economies, developed and developing countries alike. Persisting over months and years, this 

natural hazard can affect large areas and cause tremendous social hardship, environmental 

damage and economic loss. Many economic impacts occur in agriculture and related sectors, 

including forestry and fisheries, because of the reliance of these sectors on surface and 

subsurface water supplies (Lloyd‐Hughes, 2002).  

Drought impacts vary widely between regions and are function of the severity of the 

phenomenon as much as of society and its land use. The National Drought mitigation Centre 

warns about the famine mistakenly attributed to drought many times in regions of Africa 

rather than to underlying causes such as war or civil strife (NDMC, 2005). Even if drought 

represents one of the most important natural triggers for malnutrition and famine, a 

significant and widespread problem in many parts of Africa and in other countries as well, it is 

probably not the only contributing factor. Numerous early warning systems have been 

established in Africa to monitor a wide range of physical and social variables that suggest a 

trend toward food insecurity. The Southern Africa Development Community (SADC), for 

example, monitors the crop and food situation in the region and issues alerts during periods of 

impending crisis (NDMC, 2005). 

The following sections describe the most common impacts of drought in different sectors that 

usually lead to economic and social effects. In some cases, the impacts reach areas outside the 

region experiencing drought. For example, drought impacts on urban water supply may be a 

consequence of precipitation decreases in the area where the reservoir is located and not in 

the area where the city is located.  

Water supply 

In most societies, drought is considered severe when it affects water supply systems. In the 

Mediterranean region this is particularly relevant and the regional analysis of public 

stakeholders shows that maintaining a supply of drinking water of sufficient quality is the main 

priority at all levels of management (Iglesias et al., 2005). During low flow conditions water 

entering reservoirs tends to be of lower quality because there is a higher concentration of 

nutrients and pollutants than under normal flow conditions. Rising water demands like in Spain 
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will definitely lead to a reduced flexibility to meet all demands during drought episodes and 

more intensive exploitation of water resources. 

Water abstracted from wells in times of groundwater drought may also deteriorate in quality 

through the intrusion of saline waters from the sea if they are close to coastal areas or to other 

salinised aquifers (Lloyd‐Hughes, 2002). Groundwater abstraction development can lead to a 

reduction in baseflows, wetland degradation and adverse water quality impacts, even if these 

impacts are difficult to differentiate from natural variations, they tend to aggravate the effects 

of drought and delay or even prevent the recovery of ecosystems and groundwater systems 

after a drought period (Bradford, 2000) 

In terms of supply management, drought situation may lead to the adoption of costly 

emergency measures in order to transfer water from one basin or hydrological system to 

another. Under extreme conditions, it may become necessary to restrict supplies during parts 

of the day. As already mentioned, supplies to Seville in southern Spain were cut for up to 12 

hours per day during 1992‐93. This measure reduced normal consumption by 35% (EEA, 2003).  

Water supply deficits also affect the recreation and tourism industries and in those countries 

where rivers are commonly used as transport means, reduced water supply impairs the 

navigability of rivers and results in increased transportation costs because products must be 

transported by rail or truck (NDMC, 2005). 

Agriculture and forestry 

The production of crops, both rainfed and irrigated, is usually the first economic sector to be 

affected by drought because soil moisture supplies are often quickly depleted, especially if the 

period of moisture deficiency is associated with high temperatures and high wind speed. The 

timing of rainfall during the growing season is critical in the determination of impacts. Crop 

yield may be normal or even above normal during a drought if rainfall is timely adequate 

(coinciding with critical biological stages) and effective (low intensity and high soil infiltration 

rate).  

Irrigated areas are often badly hit when the drought event persists, since water restriction for 

irrigation is often one of the first emergency actions on water usage imposed during times of 

drought (Iglesias et al., 2005). During the 1989 drought in Italy (one of the drought years 1988‐
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92), only a few plots out of thousands of hectares could be irrigated in Sicily and Sardinia. Bans 

on irrigation during 1993‐1995 affected half a million hectares in the Guadalquivir Basin of 

Spain during the prolonged drought of 1990‐1995 (Lloyd‐Huges, 2002). Ground‐water drought 

in lowland areas can directly affect agriculture where soil moisture depends on capillary rise 

(van Lanen et al., 2000). 

Under drought conditions animal water requirements cannot always be satisfied and mortality 

rates can increase significantly. This was the case in France during the 1976 drought, 

particularly in the regions of Brittany and Normandy. During this drought, milk yield was 

reduced by 15‐25%. The hot and dry year of 1995 severely affected pig populations in the UK ‐‐ 

economic losses of over 5 million euros. This compares to pig losses of 30 million euros (at 

1995 prices) experienced in 1976 (Palutikof et al. 1996).  

Forest productivity is particularly susceptible during times of drought. The incidence of forest 

and range fires increases substantially during extended droughts, which in turn places both 

human and wildlife populations at higher levels of risk. Many physical and sociological factors 

complicate the relationship between drought and the frequency and severity of forest fires, 

not least when fires are started maliciously. 

However, part of the variance in forest fire incidence does appear related to precipitation. 

Viegas et al. (1994) found that for Portugal, precipitation during the fire season' June to 

September, explains 33% of the year‐to‐year variation in the area lost to fire. Fires in 1995 cost 

the UK Forestry Commission 570,000 euros (Palutikof et al. 1996).  

In addition to direct losses in crop yield, forest growth or livestock production, drought has 

other indirect impacts since it is associated with increases in insect infestations and plant and 

animal diseases (NDMC, 2005). In the Mediterranean an additional impact on agriculture and 

forestry is derived from the effects of drought on soil erosion, since soil losses are more likely 

to occur in a drier, unstructured soil, especially when the dry period is followed by the typical 

torrential rains.  

Indirect impacts of drought on agriculture are translated into income loss. Reduced income for 

farmers derives in other indirect effects. The low productivity of agriculture slows down 

agricultural business that may lead to unemployment, increased financial risk for financial 
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institutions and loss of tax revenue for local and national government. Prices for food, energy, 

and other products increase as supplies are reduced. In some cases, local shortages of certain 

goods result in the need to import these goods from outside the stricken region (Iglesias, 

2003a). 

Environment 

Environmental losses are the result of damages to plant and animal species, wildlife habitat, 

and air and water quality; forest and range fires; degradation of landscape quality; loss of 

biodiversity; and soil erosion (NDMC, 2005).  

Water quality deterioration affects not only drinking water supply, but also the natural 

ecosystems related to the water bodies. Low flow in a river means poor dilution of pollutants 

discharged into it, leading to risks for aquatic and, on occasion, even human life. Hot dry 

conditions favour the development of algal blooms. These can be toxic and lead to deficiencies 

in dissolved oxygen (Lloyd‐Huges, 2002). During the summer of 1989 major blooms of toxic 

cyanobacteria were reported in many reservoirs in the UK, Finland, Norway and Sweden (EEA, 

2003). The impacts were serious and persisted long after the bloom had passed. Thermal 

pollution must also be considered when low flow periods coincide with high air temperatures. 

The Mediterranean Cooperation Office of the International Union for the Conservation of 

Nature (IUCN) estimates that fresh water resources in the Mediterranean are under increasing 

pressure in terms of both quantity and quality and establishes the following comparison 

between the two shores of the Mediterranean basin: 

Northern Mediterranean countries with higher, more regular rainfall also face climate‐induced 

natural hazards, flooding and water shortages in basins susceptible to periodic drought. As a 

consequence, human and natural systems sensitive to water availability and water quality are 

increasingly stressed, or coming under threat. Those countries will have to face water quality 

degradation and meet the increasing needs of environmental protection and restoration. 

In South and East Mediterranean counties where utilization is now approaching hydrological 

limits, and the combined effects of demographic growth, increased economic activity and 

improved standards of living have increased competition for remaining resources. Water 
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resources are already overexploited or are becoming so with likely future aggravation where 

demographic growth is strong.  

Energy 

Droughts can have serious implications for hydroelectricity production. A dry period lasting a 

year has the effect of reducing national electricity production, leading to increased energy 

import and inflated prices. Since the import potential is limited by transmission line capacity, 

extreme cases may necessitate the emergency rationing of supply (Johnson et al., 2001). 

Norway imported electricity at full transmission line capacity for most of the year during the 

drought of 1995‐96, and electricity prices increased (EEA, 2003). Mean weekly prices on the 

Nordic Elspot electricity market rose over 600% from a low of 50 NOK/MWh in mid 1995 to an 

all time high of 370 NOK/MWh in summer 1996.  

Social aspects 

Depending on the magnitude of the drought event, indirect impacts can have very diffuse and 

extensive consequences. Social impacts mainly involve public safety, health, conflicts between 

water users, reduced quality of life, and inequities in the distribution of impacts and disaster 

relief. Usually only the common impacts are documented for drought in different countries 

(Estrela et al. 1995; Gómez‐Ramos, 2004). In countries with vulnerable societies, these 

common impacts derive soon in significant problems as population migration; often stimulated 

by greater availability of food and water elsewhere (the next section describes societal 

vulnerability in more detail). Migration is usually to urban areas within the stressed area or to 

regions outside the drought area; migration may even be to adjacent countries, creating 

refugee problems (NDMC, 2005). Migration problems turn out to be irreversible in many cases 

as once the drought has abated, these people seldom return home, depriving rural areas of 

valuable human resources necessary for economic development.  

Indirect impacts and multiple stresses 

All the above could be characterized as direct impacts of drought; however, there are many 

other impacts that are consequence of these ones and that could be characterized as indirect 

impacts of drought. For example, the direct impacts of drought over agricultural or forestry 
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production also have an impact on the farmers’ income and the agribusiness associated to 

production.  

Some of the effects are produced in the short term and conditions quickly return to normal 

following the end of the drought. Other environmental effects linger for some time or may 

even become permanent. Wildlife habitat, for example, may be degraded through the loss of 

wetlands, lakes, and vegetation. However, many species will eventually recover from this 

temporary anomaly. The degradation of landscape quality, including increased soil erosion, 

may lead to a more permanent loss of biological productivity of the landscape. Although 

environmental losses are difficult to quantify, growing public awareness and concern for 

environmental quality has forced public officials to focus greater attention and resources on 

these effects. 

The range of impacts can become so diffuse that it is very difficult to make financial estimates 

of damages, sometimes the impacts are so far away in time and space that it is hard to 

conclude whether it is actually an impact from drought. Indirect impacts can even lead to 

migration movements depending on the severity of drought (Wilhite, 2000; NDMC, 2005). 

Because drought impacts have generally not been well quantified economically, officials tend 

to underestimate the importance of drought and often fail to be proactive in preparing for 

droughts. In addition, because of the widespread geographic variability of drought, severe 

local impacts tend to be lost when compared in general to larger‐scale averages (Hayes et al. 

1999; Hayes, 2002).  

The Mediterranean climate has a limited capacity to buffer the environmental consequences 

of changes in land use (Palutikof et al. 1996). This capacity is even lower in semi‐arid zones, 

where precipitation is highly variable in time, space, amount and duration and water is often 

the most limiting factor of biological activity (Lázaro et al., 2001) The Mediterranean region, a 

rich and fragile mosaic of landscapes and ecosystems hosts one of the richest biodiversity of 

the world. Water resources availability is becoming a hot topic for the region as the 

consumption levels are exceeding water resources availability. This trend associated to the 

global warming will lead to the unsteadiness of sensitive ecosystems of the Mediterranean 

that would add disparity between northern and southern countries (IUCN, 2003). 
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3.6.2 Drought impacts in Spain 

Since the 1990s, Spain has improved drought preparedness strategies but has also experienced 

severe drought impacts (Iglesias et al., 2005). The last and most severe drought episode in 

Spain was during the first half of the 90s and its impacts have been widely documented with 

different points of view, from the hydrological management to the economic consequences for 

agriculture. For example, the Guadalquivir basin was severely affected by the mid 1990s 

drought episode and it is a clear example of society’s vulnerability to water shortages (Estrela 

et al. 1995; Garrido et al., 2000).  

According to Garrido et al. (2000) this drought episode affected 500,000 hectares of irrigated 

agriculture and caused economic losses of 3.0 to 4.2 billion Euros directly or indirectly linked to 

the agricultural sector in the Guadalquivir basin. Rainfall during this period was 70% below the 

average and the runoff was less than 30% of the average (Alvarez et al., 2003), causing severe 

problems to the management of the basin. 

 From 1991 to 1995 the Government had to adopt emergency measures implying costs of 

around 600 million euros (Llamas, 2000). A large number of Royal Decrees, Orders and 

regulations had to be published by the National government in order to allow exceptional 

groundwater pumping and exchange of water use rights that aimed to keep drinking water 

supply safe from restrictions. This was not possible and the urban area of Sevilla suffered 

water restrictions of 10 hours per day and the low quality of water obliged citizens to buy 

bottled water with an estimated cost of 6 million €/month (EMASESA 1997). 

Other areas of Spain were also significantly impacted by the historical drought of the mid 

1990s with consequences in all managed and natural systems. In the Tagus basin, where 

Madrid is located, drought caused water shortages that forced to adopt measures of water 

rights transfer (from agriculture to urban use) and emergency structural measures (Iglesias et 

al., 2005). 

The National Meteorological Institute of Spain last warned (April 2005) about the drought 

situation that was already affecting large parts of the country, with accumulated values of 

precipitation lower than 70% of the normal value for most areas as can be seen in figure 8 

(Instituto Nacional de Meteorología, 2005). This warning was rapidly adopted by the Ministry 
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of Agriculture and Farmers’ unions that appointed the first meeting of the Permanent Office 

for Drought on the 5th May, 2005. During this first meeting the Emergency situation of 

drought was officially adopted and the participants presented the first requirements on 

compensation and financial measures to avoid and minimise impacts on farmers’ income. 

The unequal distribution of water resources in Spain has traditionally acted as a despairing 

social issue that aggravates even more during drought events, creating extremely tense 

situations for governments to respond.  

 

Figure 8 Percentage of accumulated precipitation from normal since 1st September, 2004 in Spain. 

Source: INM, 2005 

3.7 Societal vulnerability to drought 

Vulnerability has been defined as “an aggregate measure of human welfare that integrates 

social, environmental, economic and political exposure to a range of harmful perturbations” 

(Bohle, 2001), focusing on the characteristics of the social system affected more than on the 

natural hazard itself. Drought impacts on a particular system depend not only on the duration, 

intensity, and geographical extent of a specific drought episode, but also on the intrinsic 

characteristics of the system that will determine the damage caused by drought. The statistical 



Review of previous studies 

 

 
91

characteristics of the event, along with its far‐reaching impacts, make its effects on society, 

economy, and environment difficult to identify and quantify (UNDP, 2004). 

Understanding people's vulnerability to drought is complex, yet essential for designing drought 

preparedness, mitigation and relief policies and programmes (UNISDR, 2002). The more 

directly dependent a population is on the natural resource base, the greater their vulnerability 

to a disruption in the productivity of that natural resource base. This scenario is particularly 

true for arid areas, which hold some of the most ecologically and politically marginalized 

populations on Earth. In arid zones, the most limiting natural resource is water, and therefore 

an extended decrease in rainfall can trigger a crisis, and sometimes even famine on a 

catastrophic scale. 

The results of a drought on a particular system are therefore a function of the statistical 

properties of the drought event (frequency, intensity, etc) and the internal characteristics of 

the system affected (exposure and susceptibility to losses) (Downing et al., 2000): 

Drought impacts = f (hazard x vulnerability) 

The vulnerability to climate variability in the Mediterranean has intensified with today’s 

demographic, economic growth and resource use patterns, as a consequence the scale and 

urgency of the adaptation challenge has increased. Several studies indicate that global climate 

change will complicate even more the existing problems resulting from drought and 

desertification, especially in North African and eastern Mediterranean countries, where water 

resources are already limited and fragile (Iglesias, 2003a).  

Therefore vulnerability plays a critical role in the relationship between a hazard and society. 

The purpose of assessing vulnerability is to identify appropriate actions that can be taken to 

reduce vulnerability before the potential damage is realized. Despite limitations, available 

information on regional drought vulnerability could aid decision makers in identifying 

appropriate mitigation actions before the next drought event and lessen impacts of that event 

(Wilhelmi et al., 2002). 

The vulnerability concept is intuitively simple but surprisingly difficult to define and even more 

difficult to quantify. There is a variety (and far from being consistent) definitions about the 
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vulnerability concept. It could be defined as the exposure of individuals or collective groups to 

livelihood stress as a result of the impacts of climate extremes.  

There have been three major approaches to the study of natural hazards. Firstly there are 

engineering approaches to hazard management which stress objective risk (summarised in 

Smith et al., 1996). Secondly a related social science approach stresses the management of 

such risks by government institutions and markets. A third approach is a critique of both of the 

previous technical natural and social science approaches, which stresses structural social 

causes of vulnerability to hazards. (Adger 1999) The social vulnerability approach developed in 

this work tries to integrate both economic and other social science perspectives to 

vulnerability. 

In the last two decades, losses from drought events significantly increased without 

documented evidence of increased number or severity of droughts. Awareness of this problem 

has led to increasing attention to the issue of drought vulnerability in recent years (Wilhite, 

2000). Vulnerable populations have only limited capacity to protect themselves from 

environmental hazards, in particular from extreme events such as drought and floods (UNDP, 

2004). An improved understanding and awareness of the concept and characteristics of 

drought and its differences from other natural hazards provides better background for the 

establishment of policies and plans whereby vulnerability can be reduced or stabilized (UNDP, 

2004) 

The concepts and definitions of vulnerability have been analyzed by Chambers (1989), 

Downing et al. (1996), Anderson et al. (1994), Blaikie et al. (1994), Bohle (2001), Downing et al. 

(2000) and others. Most definitions of vulnerability contain a common thread. They all agree 

that vulnerability shows the degree of susceptibility of society to a hazard, which could vary 

either as a result of variable exposure to the hazard, or because of coping abilities (Wilhelmi et 

al., 2002). 

Vulnerability constantly changes because of changes in technology, population behaviour, 

practices, and policies. Downing et al. (2000) indicate that even from season to season, 

vulnerability can vary from extreme crisis to complete safety. 
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Drought vulnerability is different for different individuals and nations. In developing countries, 

drought vulnerability constitutes a threat to livelihoods, the ability to maintain productive 

systems, and healthy economies. In developed economies, drought poses significant economic 

risks and costs for individuals, public enterprises, commercial organizations, and governments 

(Downing et al., 2000). Figure 9 shows the relative vulnerability of different nations to drought 

events, for the design of this graph only two aspects have been taken into account, exposure 

to drought (measured through statistical properties such as frequency, duration and intensity) 

and vulnerability to drought (measured through the number of deaths caused by the event). 

The weak association between physical exposure and risk may be due to the characteristics of 

the hazard model or to the use of deaths as an indicator of risk. If it was possible to model 

agricultural rather than meteorological drought and to use livelihood attrition rather than 

death as a proxy for risk, then the association between physical exposure and risk might be 

quite different. 

 

Figure 9 Relative vulnerability to droughts (Source: UNDP8, 2004). 

It is important to note that the indirect connection between drought and mortality means that 

the selection of mortality as the outcome for which risks are evaluated affects the way drought 
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losses should be interpreted. Drought impacts are widespread throughout economies with 

high dependence on primary sector activities. Their cumulative effect can be significant for 

people’s livelihoods, even in situations where mortality attributable to the hazard event is not 

widespread. This may affect the placement of African countries in the rankings (UNDP, 2004) 

Since drought is a characteristic of climate that occurs in virtually all regions, many countries 

recognise its importance and include drought related management in their legislation and 

Institutional plans. Even international organizations like UN have developed documents 

dealing with drought occurrence in the world and strategies that can be adopted by 

governments in order to mitigate the effects of this natural hazard. An important first step is to 

understand that management plans and knowledge contribute to the vulnerability of societies.  

Figure 10 shows the societal aspects that can be determinant in the way a system will react to 

drought and provides a framework for the adequate development of drought mitigation plans, 

taking into account the institutional, social and economical issues that may interact with 

drought episodes aggravating or mitigating its impacts. The top figure represents a society that 

is vulnerable to drought, not incorporating the adequate preparedness plans, and where 

internal social and institutional conflicts prevent the development of mechanisms to prevent 

drought impacts. The figure below, on the other hand, represents a society where, in addition 

to having developed the adequate management plans and a management culture of 

prevention against natural hazards, the societal state of the country ensures appropriate 

economical relationships inside and outside the borders. Following this structure, different 

proposed systems could be analyzed and evaluated in terms of its vulnerability or resiliency to 

drought.  
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Figure 10 Drought resilient and vulnerable societies (Source: UNISDR, 2002). 



Drought and climate change impacts on water resources: management options 

 

 96

3.7.1 Drought management in USA, Australia and the Mediterranean region 

Some countries like Australia and USA have traditionally developed and implemented drought 

management plans. Other countries have followed these initiatives with various degrees of 

effectiveness, relying on climate forecasting opportunities to develop early warning systems 

(for example in South Africa and Brazil). Initiatives for drought mitigation and management in 

Mediterranean countries are being developed responding to the need to mitigate the 

significant impacts of drought in these countries during the last decades (Iglesias et al, 2007). 

The following summary of drought management plans only intends to provide some key well 

evaluated and refereed examples (Wilhite et al., 2005; Rossi, 2003). 

Drought Watch System in Australia 

The system was created in 1992 after the National Drought Policy, developed by Australia’s 

Commonwealth and state governments through the policy development process at ARMCANZ 

(Agriculture and Resource Management Council of Australia and New Zealand). Following Rossi 

(2003) the three principles of the Australian policy are to:  

• Encourage primary producers and other sections of rural Australia to adopt self‐reliant 

approaches to managing climatic variability; 

• Maintain and protect Australia’s agricultural and environmental resource base during 

periods of extreme climatic stress; and 

• Ensure early recovery of agricultural and rural industries, consistent with long‐term 

sustainable levels. 

According to Botterill et al. (2005), the core principle, self‐reliance, maintained that farmers 

and regional professionals were in the best position to develop the agronomic systems, 

practices, and business strategies that would manage frequent agronomic droughts in 

Australia. This moved Australia’s drought policy away from a subsidy‐based, reactionary or 

“crisis driven” approach. The setting was created in which drought is considered a normal part 

of the Australian farming environment.  

National Drought Mitigation Center (NDMC), USA 

The NDMC was established in 1995 to inform and assist society and institutions in the 

development of and implementation of measures to reduce societal vulnerability to drought 



Review of previous studies 

 

 
97

(NDMC, 2005). The effectiveness of the NDMC is a consequence of the range of activities and 

products provided, including maintaining an information clearinghouse, drought monitoring, 

and drought planning and mitigation. The NDMC has collaborated with many USA and 

international initiatives related to drought management, providing information and technical 

expertise.  

Drought management in the Mediterranean region 

Most Mediterranean countries have not issued a legal framework to face drought risk and 

emergency actions are managed by Civil Protection Agencies or some legislative acts referring 

to natural disasters recovery. The lessons learned during recent droughts have shown the 

inadequacy of the legal systems, fostering towards planning of drought mitigation measures 

and the substitution of subsidies to cover damages in agriculture with insurances. Spain is an 

example of institutional support for taking these initiatives. The success in most cases is due to 

the management of water at the basin level, allowing coordination of policy, physical and 

technical aspects. 

National Drought Observatory of Morocco 

The Government of Morocco created the National Drought Observatory in 2001 assisted by 

the NDMC because of the recent drought events in previous decades which had seriously 

damaged agricultural production, fresh water resources and urban supply systems. According 

to Ait Kadi (2002) the National Drought Observatory examines the evolution and deals with the 

impacts of drought. 

This centre is conceived as a multidisciplinary forum for information processing and exchange 

to produce reliable indicators for drought monitoring and prediction, drought mitigation, 

preparedness and response, and to objectively evaluate droughts effects and impacts on short, 

medium and long terms basis for economic planning purposes (Iglesias et al., 2005).  The 

objectives and missions are: 

• Elaboration of a system of precocity alert for emergency program to mitigate drought 

impact at short term; 

• Amelioration of the tools of policymakers at middle term and the integration of the drought 

impacts in the strategy of economic management; 
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• Conception of a database system for assessment, forecasting and pursuit of drought 

episodes; 

• Contribution to the assessment of impacts of drought and the program of 

• mitigation; 

• Contribution to the elaboration of the strategy of adaptation and/or combat 

• drought impacts; 

• Effective valuation of the research robust finding on drought at national and international 

levels. 

National Drought Observatory of Spain 

THe National Drought Observatory of Spain is an initiative of the Ministry of Environment and 

teh Ministry of Agriculture that tries to coordinate all institutions with responsibilities adn 

competences in water management in order to generate knowledge about drought and 

support the definition of new planning strategies that improve risk maangment, mitigation and 

monitoring of drought impacts on the economy, social welafare and the environment.  

The centre tries to give support to: 

• Develop national drought planning and action programmes for combating drought, with 

particular emphasis on policies, required infrastructures, co‐ordination, community 

participation, political commitment, raising public awareness, and provision of finance. 

• Give due support to co‐ordination mechanisms, at country level, that would accommodate 

cooperative programmes, joint activities, and institutional set‐ups, leading to harmonization of 

national drought preparedness plans among neighbouring countries. 

• Provide assistance and funding related to drought preparedness activities Intensify their co‐

ordination efforts for the development of medium and long term ‘Agency Strategy’ in support 

of drought mitigation and preparedness plans, at country and regional levels 

National Drought Observatory of the Mediterranean 

The European Drought Centre (EDC) is a virtual centre of European drought research and 

drought management organisations to promote collaboration and capacity building between 

scientists and the user community. The long term objective of the centre is to enhance 
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European co‐operation in order to mitigate the impacts of droughts on society, economy and 

the environment. Although the EDC primarily has a European dimension, it will also link with 

other international projects, organisations and experts outside Europe.  

The main objectives of this centre are to: 

• Work towards a better understanding of the drought phenomenon 

• Act as a platform to initiate and discuss scientific progress on drought research within the 

academic society,  

• Act as a meeting place between multi‐disciplinary experts in drought research, policy and 

operational management 

• Act as a forum for discussion on policy issues related to sustainable water resources 

management in a pan‐European context, e.g. implications of the Water Framework 

Directive on low flow and drought management 

• Linkage with international organisations and programs, EU framework programs, 

international river commissions and regional drought centres 

• Work towards establishing a European Drought Watch System, focusing on drought 

forecasting and monitoring at the pan‐European level 

• Support the developing of national drought mitigation plans based on best practice 

guidelines 

3.8 Early warning and temporal scale for drought management 

An essential feature of any drought management plan is to identify the time to implement the 

management actions. This is based on characterising the onset of drought, its intensity and its 

potential impacts. Most management plans rely on meteorological, hydrological and 

agricultural indicators. Optimally, the indicators need to be linked to drought management 

strategies and policies. Nevertheless, this is difficult due to a lack of tools and models that 

assist in the process.   

The early identification of significant precipitation decreases can entail important anticipation 

to drought impacts and avoidance of harmful impacts and water use conflicts. The 

identification of such processes can be based on a wide range of methods, from simple 
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statistics to more complicated calculations that take into account all the components of the 

hydrological system.  

The application of such indicators contributes to the formulation of drought management 

protocols with clear established thresholds that trigger the activation of exceptional 

management options oriented to modify both water supply and demand temporarily in order 

to avoid drought impacts. The use of indices and indicators is wide among scientists and 

technical decision makers responsible for natural resource planning (Hayes, 2002).  

In most countries of the world, governments have generally seen drought as a natural disaster, 

to be met by strategies which are recognised as basically crisis management, that is, short 

term solutions without recognition of their long term implications. Many governments 

recognize now the need to design and implement management plans that define established 

protocols to face drought periods without suffering severe impacts or incurring in important 

mitigation expenses. For example, the triggers of mitigation actions included in Spanish 

drought management plans are in part based on drought indicators (Flores et al., 2003; Cubillo 

et al., 2003). 

A crisis management approach is based on the implementation of measures and actions after a 

drought event has started and is perceived; this approach is taken in emergency situations. 

This approach often results in inefficient technical and economic solutions since actions are 

taken with little time for evaluating optimal actions and stakeholder participation is very 

limited (Wilhite, 2000, Iglesias et al., 2005). 

A preventive approach includes all the measures designed in advance, with appropriate 

planning tools and stakeholder participation. The proactive approach is based both on short 

term and long term measures and includes monitoring systems for a timely warning of drought 

conditions. It can be considered an approach to “manage risk”. A proactive approach consists 

in planning in advance the necessary measures to prevent or minimise drought impacts. Such 

an approach includes preparedness of planning tools which enable  to avoid or reduce the 

consequences of a possible water emergency, and the implementation of such plans, when a 

drought occurs. The proactive approach foresees a continuous monitoring of 

hydrometeorological variables and of the status of water reserves in order to identify possible 

water crisis situations and to apply the necessary measures before a real water emergency 
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occurs. Nevertheless, if it is not possible to avoid a water crisis that appears as a natural public 

calamity (after a government declaration), the Drought Contingency Plan is implemented until 

the establishment of normal conditions. It is evident that a proactive approach, even if more 

complex, is more efficient than the traditional approach, since it allows to define in advance 

drought mitigation measures (both long term and short term) improving interventions quality 

(Wilhite, 2000, Iglesias et al., 2005). 

The definition of a drought management strategy is essential to articulate control measures, 

risk evaluation, organization of decision making processes and implementation of mitigation 

measures to minimise the intensity of the impacts caused by drought. The selection of the 

appropriate moment to start acting against drought is crucial, if the objective of the plan is to 

mitigate the effect of future droughts, the most efficient way to prevent them is anticipation.  

From the operational point of view, the adequate design of drought management plans needs 

to incorporate some essential components as shown in figure 11: 

• Understanding of the hydrological system and all its natural and water regulation 

components of the system 

• Understanding of the existing demands, their supply priority order and their vulnerability to 

drought episodes 

• Understanding of alternative water management options able to reduce the impact of 

droughts 

• A set of methods that allow the early identification of drought and the sequential trigger of 

those alternative management options  
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Figure 11 Components for the design of drought management plans. Source: own elaboration 

3.8.1 Risk in water supply systems 

Risk in water supply systems is directly related with water shortage, which differs from 

drought because it is related to a shortage of water availability to satisfy demands. The 

shortage results from an unbalance between water supply and demand, which is originated by 

a meteorological phenomenon, but is also conditioned by other time‐varying factors, such as 

demand development, supply infrastructures and management strategies. The result of the 

unbalance is water shortage, which is of concern for water managers. 

Risk evaluation in water supply systems consists on identifying demands that may not be fully 

satisfied with available water resources, and quantifying the estimated impacts of water 

shortage. 

It is usually not economically efficient to satisfy at 100% all the demands in a system, because 

the cost would be too high for too little enhancement. The acceptable risk level is conditioned 

by available water resources and infrastructures and depends on demand characteristics and 

their elasticity. In this context, the risk analysis should consider the following aspects:  
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• Probability of failure occurrence (probability of not satisfying the demand) 

• Severity of failures (magnitude of the deficit) 

• Failure duration (time span when deficits occur) 

• Economic impact of failures  

 

These factors determine also the operational rules for system management during droughts. In 

regulated systems, reliability and water supply capacity are linked by operational rules and risk 

management strategies. At the river basin or water catchment level, there are inter‐dependent 

risk management units that implement different risk management plans. Reliabilities are 

defined depending on location of the risk management unit (e.g., up or down stream). Up‐

stream units need to consider also the risk of down‐stream units. Previous studies have 

defined indicators to evaluate the risk in water supply systems (Martin‐Carrasco et al., 2007) 

that may be used to evaluate the causes of potential water shortage and to anticipate possible 

solutions. 

The relevant indicators that define the previous aspects of risk management are:  

• Water demand / Average inflows. Provides information about the degree of development 

of water resources in the system. Ratios close to 1 mean frequent system failures, 

depending on inter‐annual or seasonal variability of hydrologic series. 

• Water demand / Reservoir capacity. This provides information about the quantity that the 

system is able to supply. 

• Reservoir capacity / Average inflows. This provides information on the capacity of the 

system to overcome inflow irregularities (droughts). 

• Annual water demand / Current reservoir storage. This represents the expected time to 

failure, in years, if future inflows are neglected. The variable provides information on the 

margin of operation of the system. 

 



Drought and climate change impacts on water resources: management options 

 

 104 

3.9 Evaluating drought management actions 

Long and short term activities and actions can be implemented to prevent and mitigate 

drought impacts. Such activities and actions are essential in the development of specific 

drought planning and response efforts. The definition and evaluation of drought management 

actions includes:  

• Preparedness, early warning, monitoring systems  

• Establishing priorities of water use 

• Defining the conditions and the thresholds to declare drought levels 

• Establishing the management objectives in each drought level   

• Defining the actions   

• Implementation of actions  

 

3.9.1 Defining and selecting drought management actions 

Measures that are taken before the initiation of a drought event aim to reduce the 

vulnerability to drought or improve drought preparedness. They are long‐term measures 

oriented to increase the reliability of water supply systems to meet future demands under 

drought conditions through a set of appropriate structural and institutional measures. The 

measures taken after the start of a drought are short‐term measures which try to mitigate the 

impacts of the particular drought event within the existing framework of infrastructures and 

management policies, on the basis of a plan developed in advance and adapted to the ongoing 

drought, if necessary. In order to incorporate the actions to drought management plans it may 

be useful to determine the proactive or reactive, as well as the public or private character of 

the measures. 

The general objective of every operational action is to minimise impacts of drought and water 

scarcity while maintaining social and ecological services of water. However, not all actions are 

suitable and applicable in every situation and moment. The ranking of actions allows for a 

certain level of prioritization depending on the evaluation of selected aspects, such as: 
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• Consideration of effectiveness to minimise the risk of impacts, cost, feasibility, and 

assistance required for adoption 

• Consideration of adequacy for situation without drought (win‐win strategy) 

 

3.9.2 Criteria for selecting the actions  

Drafting drought management plans requires the selection of the most appropriate 

combination of long term and short term actions with reference to the vulnerability of the 

specific water supply system or agricultural system and to the drought severity. Given the high 

number and the different types of mitigation measures, it is necessary to adopt a proper 

evaluation procedure for the choice of the best combination. A selection procedure based on 

purely economic criteria could include equating the marginal costs of long term measures with 

the marginal costs of implementing short term measures. A more advanced procedure could 

be based on assessing by Monte Carlo simulation the expected cost of each combination of 

long and short term measures. However, due to the variety of drought impacts and in 

particular to the difficulty of assessing on economic terms environmental and social impacts, a 

purely economical analysis does not seem adequate to simulate the real decisional process. 

Application of multicriteria analysis on the other hand may overcome the above difficulties 

also because of its ability to take into account the point of views of different stakeholders on 

the different alternatives. 

3.9.3 Drought management actions 

The following table (Table 3) lists a range of long‐term and short‐term actions, subdivided into 

the three categories of water supply increase, water demand reduction and drought impact 

minimization. For each action the affected sectors are also indicated. The definitions of the 

addressed measures have been obtained from Pereira et al., 2002, Rossi, 2007  and Iglesias et 

al, 2007.   
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Table 3 Long and short term drought mitigation actions 

Category Type of actions Affected sectors 
 Long‐term actions  
Demand  Economic incentives for water saving U A I R/E 
reduction Agronomic techniques for reducing water 

consumption 
 A   

 Dry crops in place of irrigated crops   A   
 Dual distribution network for urban use U    
 Water recycling    I  
Water supply 
increase 

     

 Reuse of treated wastewater   A I R 
 Inter‐basin and within‐basin water transfers U A I R 
 Construction of new reservoirs or increase of 

storage volume of existing reservoirs 
U A I  

 Intermediate storage  A   
 Control of seepage and evaporation losses U A I  
Impacts 
minimization 

Information and education U A I  

 Reallocation of water resources based on water 
quality requirements 

U A I R 

 Development of early warning systems  U A I R 
 Insurance programs  A I  
 Short‐term actions  
Demand 
reduction 

Public information campaign for water saving U A I R 

 Pricing U A I R 
 Mandatory restrictions U A I R 
Water supply 
increase 

Improvement of existing water systems efficiency 
(leak detection programs, new operating rules, etc.)  

U A I  

 Use of additional sources of low quality or high 
exploitation cost 

U A I R 

 Increased groundwater pumping U A I  
Impacts 
minimization 

Temporary reallocation of water resources U A I R 

 Public aids to compensate income losses  U A I  
 Tax reduction or delay of payment deadline U A I  
 Public aids for crops insurance  A   
U= urban; A= agricultural; I=industrial; R=recreational 

Economic incentives for water saving 

Adopting water prices that induce farmers to save water may be an appropriate policy for 

pressurised systems where metering is available. It can also be used for open canal systems 

but its application is then quite difficult. It consists on water prices that vary in accordance 

with the water use, which increase after a given volume is diverted to the farm. The price 

structure ideally varies with the type of crop following policies on cropping patterns, and with 
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the available supply, both affecting the minimum volume and the rate for increasing the 

prices. Water metering is essential for a fair application of this policy. Systems where water 

costs are associated with the land surface cropped may adopt alternative pricing policies 

differentiated by crop and water volume but its enforcement requires appropriate field 

surveys to check the areas declared by the farmers. 

Agronomic techniques for reducing water consumption 

1. Improving surface irrigation systems  

Several surface irrigation methods are used in practice. The main ones are: 

• Basin irrigation, which is the most commonly used irrigation system world‐wide. Basin 

irrigation consists of applying water to levelled fields bounded by dikes, called basins. 

• Furrow irrigation: water is applied to small and regular channels, called furrows, which 

serve firstly to direct the water across the field and secondly act as the surface through 

which infiltration occurs. There is a small discharge in each furrow to favour water 

infiltration while the water advances down the field. Furrow irrigation is primarily used for 

row crops.  

• Border irrigation: water is applied to short or long strips of land, diked on both sides and 

open at the downstream end. Water is applied at the upstream end and moves as a sheet 

down the border. Border irrigation is used primarily for close growing crops such as small 

grains, pastures, and fodder crops, and for orchards and vineyards. The method is best 

adapted to areas with low slopes, moderate soil infiltration rates, and large water supply 

rates.  

2. Improving sprinkler irrigation systems  

Main sprinkler systems are: 

Set systems: the sprinklers irrigate in a fixed position and can apply small to large water 

depths. Set systems include solid set or permanent systems as well as periodic‐move systems, 

which are moved between irrigations, such as hand‐moved, wheel line laterals and hose‐fed 

sprinklers. These systems are the least costly and the best adapted for small farms. A wide 
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range of sprinklers can be selected for a variety of crops and soils as well as for environmental 

conditions. 

Travelling guns: a high pressure sprinkler continuously travels when irrigating a rectangular 

field. The high application rates and the characteristics of the moving system make travelling 

guns unsuitable for applying very small or large depths, or to irrigate heavy soils and sensitive 

crops. In addition, these systems have a high energy requirement and may have low 

performances and high evaporation losses when operating under hot, arid and windy 

conditions. 

Continuous move laterals: the sprinklers operate while the lateral is moving in either a circular 

or a straight path. Large laterals are used, equipped with sprinklers or sprayers 

3. Microirrigation systems  

Microirrigation, also called trickle or drip irrigation, applies water to individual plants or small 

groups of plants. Application rates are usually low to avoid water ponding and minimise the 

size of distribution tubing. The microirrigation systems in common use today can be classified 

in two general categories: 

• Drip irrigation, where water is slowly applied through small emitter openings from plastic 

tubing. Drip tubing and emitters may be laid on the soil surface, buried, or suspended from 

trellises. 

• Microspray irrigation, also known as micro‐sprinkling, where water is sprayed over the soil 

surface. Microspray systems are mainly used for widely spaced plants such as fruit trees but 

in many places of the world they are used for closed space crops in small plots. 

 

4. Irrigation scheduling 

Research has provided a large variety of tools to support improved irrigation scheduling, i.e the 

timeliness of irrigation and the adequateness of volumes applied. 

Irrigation scheduling techniques may be used with diverse objectives in the practice of 

farmers. More commonly, farmers seek to avoid any crop stress and maximise crop yields. 
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When water is plenty, farmers tend to over‐irrigate, both anticipating the timing of a need for 

irrigation and applying excessive water depths. Thus, the application of appropriate irrigation 

scheduling techniques permits them to optimise the timeliness and the volumes applied, thus 

controlling return flows, deep percolation, transport of fertilisers and agro‐chemicals out of 

the root zone, and avoiding waterlogging in the parts of the field receiving excess water. 

Dry crops in place of irrigated crops 

In dryland agriculture, crops and crop varieties are selected taking into consideration their 

tolerance to the water stress conditions that characterise the environments where they are 

cultivated. In general, these crops correspond to centuries of domestication of plants native to 

these environments, but new varieties have been introduced in the last decades following 

scientific plant breeding and improvement programmes. The most common food crops are 

wheat, barley and millet among cereals, and beans, cowpea and chickpea as legumes (pulses), 

as well as mustard and sunflower. 

Dual distribution networks for high quality and for treated reusable water  

Diverse water uses in urban areas require different water quality. High quality water is 

definitely required for uses such as drinking, food preparation, or bathing. However the largest 

fraction of this water is not consumed but returned as effluent with degraded quality and is 

not reusable for the same purposes. On the other hand, uses such as toilet flushing, heating, 

floor washing, or irrigation of lawns and gardens do not need such high quality water and 

could use treated wastewater 

Originating from these different requirements, in urban areas where extreme water scarcity 

exists, a feasible but expensive solution is to duplicate the distribution network, mainly in the 

neighbourhoods or sectors where water users can manage with inferior quality water for uses 

other than human consumption (Okun, 2000). At the limit, different sewage systems may be 

built, separating the less contaminated and less charged effluents from the more degraded 

ones. The two effluents may require different treatments and may attain different quality 

levels, and therefore may have different uses. Urban drainage rainwater may also be treated 

and added to the higher quality treated urban effluents 
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Water recycling 

Recycled water (Re‐use water) results after the biological and physical treatment of the 

collected domestic wastewater. This water may be used for the irrigation of many crops and 

for toilets. The treated recycled water can take two forms, the Re‐use water from biologically 

and physically treated wastewater that occurs in sewage treatment plants, which may include 

black and grey water effluents, and the Re‐cycled Grey water (which includes only grey water 

from the wastewater, after a physical process that takes place in a small local grey‐water 

treatment plant.    

Reuse of waste water 

Use of low quality water and reuse of wastewater for irrigation of agricultural crops, and 

landscape, including lawns and gulf courses, in addition or in alternative to water of good 

quality. 

Water transfers  

Water transfers are used as temporal measures during an extreme drought to satisfy water 

deficit. Scales can vary from local transfers among different supply systems, to regional among 

two different river basins or even international among distanced basins. They can also be 

planned as a temporal solution to a drought situation or as a permanent solution for basins or 

regions suffering from structural water scarcity. 

New reservoirs 

Most water supply schemes need to incorporate reservoirs. These may be surface storages or 

sub‐surface aquifers. The function of the storages is to smooth out the natural variability of the 

hydrological system to allow human activity to be supported by a constant, or a regular, 

seasonally varying supply. Where water is scarce the abstraction of water on demand from the 

natural system will be complicated. In times of high flow (either surface or subsurface) it is 

often possible to extract whatever water is required. However in drier times the natural flow is 

likely to be significantly lower than the expected extraction rate. Hence surface or subsurface 

reservoirs serve as temporary storages, capturing high flows whose water can then be 

available for use during periods of low natural flow. 
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Intermediate storage 

Intermediate storage in canal reaches, small reservoirs linked with selected canal nodes, or 

farm ponds are often used to increase the flexibility of the system to respond to variations in 

demand, to reduce operation losses during periods of reduced water use such as the night‐

time and holidays, and to permit the use of farm irrigation systems having discharge and 

duration requirements different of those provided by the delivery schedule practiced. The 

latter is the case of farms adopting micro‐irrigation or sprinkling where distribution systems 

adopt delivery schedules designed for surface irrigation 

Control of seepage and evaporation losses 

Systems maintenance and management are essential to cope with water scarcity. When these 

are adequate, they provide for controlling water wastes, seepage and water spills and provide 

for water saving. When maintenance and management are poor, not only system losses are 

high but the water service is poor, less reliable and non‐dependable, tail end users receive the 

poorest service and incentives for the users to save water are lacking. When water scarcity is 

due to drought, water conservation and saving requires policies and practices that are 

common with aridity. However, coping with drought requires a distinction between 

preparedness and reactive or mitigation measures, the first consisting in preparing for the 

application of the mitigation measures during drought. 

Information and education  

Water saving programs need the users participation to be successful. Furthermore, 

information and education campaigns are required. The same requirements exist for 

successful implementation of legislation and regulations or to achieve water saving objectives 

in relation to the adoption of water metering and water pricing 

Information and education 

Information to the users may include leaflets sent out with bills, publicity campaigns in the 

press, radio and television, billboards on streets and public transport vehicles. Special 

campaigns for water saving may also include the free distribution of water‐saving devices, 

assistance with the cost of investments required to renovate or upgrade household water 

systems, or allow tax deductions for specific water saving investments 
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Education mainly concerns the introduction in primary and secondary school curricula of the 

essential aspects of the hydrological cycle and water sources. It should also cover limitations in 

water use, causes and other considerations related to water scarcity, the costs to mobilise and 

supply water, the main water uses and benefits, and, finally, how to properly use both water 

indoors and outdoors 

Temporary reallocation of water 

Water uses with a low level of priority might be restricted during drought periods in order to 

satisfy those with a higher level of priority. This is a temporal action during drought periods. 

Early warning systems development 

An early warning of drought is recognized as a key factor for a successful drought management 

effort. The effective response to drought events relies on monitoring system able to provide 

adequate information for an objective drought declaration and for avoiding severe water 

shortages through an effective water resources management under drought conditions. 

Insurance development 

In all cases the operational risk management cannot guarantee full prevention of drought 

damage, and a risk level has to be adopted in the drought management plan. For example, in 

Spain, the drought insurance system has an operational drought insurance plan that 

establishes a risk level defined by the probability of suffering a reduction in crop yield below a 

pre‐established threshold (acceptable risk). This threshold is defined for each crop and 

geographic area and it is re‐evaluated each season. Risk or Insurance premium can be 

estimated by using statistical and risk evaluation models. 

Campaign for immediate water saving 

The main strategy is to save an amount of domestic water per year. 

This objective can be met by: (i) promoting demand for water‐saving technology among 

consumers; (ii) stimulating water‐saving technology markets; and (iii) training and informing 

professionals in this sector. Specific actions can be directed to: (i) professionals linked to 

domestic water use (i.e. manufacturers, distributors, retailers, plumbers); (ii) large‐scale 
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domestic users (i.e. hotels, restaurants, gymnasiums, etc.); (iii) young people; and (iv) the 

general public. 

Water pricing  

Historically, in most countries, water costs have largely been or still are subsidised. In others, 

water is supplied free. It is of importance to establish rate policies that emphasise greater user 

involvement in water conservation and saving. When users are charged appropriately for 

water services, the water use as well as the water waste tends to decrease 

• Water pricing can help to save water if the price structure meets some essential conditions: 

• Prices must reflect the actual costs of supply and delivery to the customers to ensure the 

sustainability of the water supply services and the maintenance of conduits and equipment; 

• The price rate should increase when the water use also increases to induce customers to 

adopt water saving and conservation;  

• Different price rates should be practiced for diverse types of water use in municipal supply, 

e.g. differentiating domestic indoor uses from gardening water uses; when water is more 

scarce than usual, prices for less essential uses could be modified earlier; 

• Differential increases in price must be large enough to encourage water savings; 

• Prices must reflect the quality of service, i.e. poor and non reliable service cannot be 

provided at high cost but costs must change as soon as service is improved.; and 

• Any change in pricing must be accompanied by information and education programs that 

support an increased awareness of the customers of the value of water and water supply 

services 

Water benefits are different for each type of user. In urban areas there are several types of 

water use: domestic, public, industrial, commercial, services, construction, and recreational. 

Each of these categories reacts differently to the same financial spur in charging for the 

service, so it is important for the rate structure to be properly designed (Arreguín‐Cortés, 

1994). This involves knowledge on trends in costs and the respective price structure, on trends 

in the water market including its seasonal variations, and information on users' categories and 

their ability to pay. Other variables that affect decisions are the policies on subsidies and on 

fines and penalties for water misuse and abuse.  
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Use of additional sources 

New sources of surface water, including the use of the dead storage in reservoirs and short 

distance water transfers from nearby systems and or sub‐systems, generally associated with 

negotiations of water rights among farmers and non‐agricultural users, including for nature, 

recreation, municipal and industrial uses. Since most of surface water sources in water scarce 

areas are already developed and water rights assigned, the use of additional waters requires 

appropriate planning and institutional framework.  

Increased groundwater pumping 

Changing from the exploration of the perennial yield to the mining yield. A continuous mining 

of the groundwater is not sustainable but a controlled use of the mining groundwater yield 

during periods of water scarcity is sustainable when appropriate planning, management and 

monitoring are adopted. 

3.10  Impacts of drought on water quality 

Recent floods and drought periods all over Europe have underlined the sensitivity of 

hydrological systems to extreme climate events. Future water resources management will 

have to face potential natural climate changes and additional challenges derived from the 

human activity, such as the discharge of pollutants to the atmosphere and water courses 

coming from the application of Nitrogen fertilizers on agricultural soils (Whitehead 1990). 

As a direct consequence of the problem of the increase of diffuse pollution affected areas, 

there is currently an important effort to develop new legislation and regulations oriented to 

control the levels of some parameters in the return flows from agriculture, industry and urban 

areas (Causapé et al., 2004). In the EU these policies can be summarised in the creation of the 

Nitrates Directive (91/676/CEE), the Habitats Directive (92/43/CEE), the Environmental Impact 

Assessment Directive (2001/42/EC) and the Water Framework Directive (2000/60/EC). 
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3.10.1 Diffuse pollution  

Diffuse pollution is understood as the pollution that appears in a point different to that of 

origin, no matter the distance between these two points, or the pollution derived from any 

other derivate (Donohue et al., 2005). 

Pollution produced by agriculture is diffuse by definition and therefore, hard to control. The 

complete range of chemical elements applied to agriculture (including organic and inorganic 

compounds of nitrogen, phosphorous and potassium) are potential pollutants derived from 

the irrigated areas. Return flows from agriculture are considered as one of the most important 

contributors to surface water and groundwater bodies (EEA, 2000, 2001). The level of pollution 

produced by irrigation depends to a great extent on the hydro‐geological characteristics of the 

area, the agricultural technology applied and the efficiency of the distribution and return flow 

capture network (Aragüés et al., 2003); these aspects can have an important effect on the 

concentration of nitrates and salts in those water bodies that capture these flows, sometimes 

limiting their use for domestic demand, agricultural irrigation, industry or environmental 

services provision (Causapé et al., 2003). High concentrations of nitrogen and phosphorous in 

surface waters can also lead to eutrophication and hypoxia problems. It is therefore very 

important to control nitrates and salt concentrations in return flows from irrigated areas. 

Water plays a critical role in the pollution process as it is the direct recipient of a great amount 

of compounds used in agriculture; this problem is accentuated in intensive irrigation systems 

where fertilizers and pesticides are applied in higher proportions. When excessive water for 

irrigation is applied, all these products are washed by exceeding water and they reach natural 

water courses and accumulations. Results from laboratory research have proven that nitrogen 

compounds do not move freely in soils, therefore the risk of pollution derives directly from 

disaggregated varieties from these compounds (Whitehead, 2006, Novotny et al., 1994). 

Irrigated agriculture in semiarid areas significantly contributes to crops productivity, stability 

and diversification. Thus, the irrigated area in Spain amounts only to 15% of the total arable 

land, but yields 60% of the final agricultural production (Fereres et al. 1997). 

The return flows from irrigated agriculture may increase the salt and nitrate concentrations of 

the receiving water bodies, limiting their agricultural, industrial, urban and ecological uses. 
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Nitrate contamination of drainage waters and their potential effects on the receiving water 

bodies may restrict its agricultural, industrial, urban and ecological uses. 

In the last years greater concern is growing in relation to the issue of water pollution from 

agricultural activities and some key policies have been developed for mitigating the negative 

environmental impacts of irrigation, such as the Water Pollution Control Act in USA, and the 

Nitrates, Habitats and Environmental Impact Assessment and the Water Framework directives 

in the EU. These directives set common policy measures, giving member countries a free hand 

to implement them in the most adequate and efficient manner, by taking into account the 

specific local conditions and, in particular, the physical characteristics of the land. 

The maximum allowable concentration of nitrate ([NO3‐]) in drinking waters has been set at 50 

mg/l by the European Community (European Union 1998), since intake of excessive amounts 

of nitrate has harmful effects on health (Causapé et al., 2004). In environmental terms, the 

enrichment of waters with nutrients (nitrogen and phosphorus) stimulates the growth of 

aquatic vegetation which depletes the oxygen dissolved in the water when it decomposes 

causing eutrophication of the water bodies (Vitousek et al. 1997). 

The major task concerning the viability and the long‐term sustainability of irrigated agriculture 

is the attainment of a proper balance between agricultural productivity and protection of the 

environment. 

Scientific studies show that in surface irrigated areas with low irrigation efficiencies, salt and 

nitrate concentrations in drainage waters are lower in the irrigated than in the non‐irrigated 

season, but salt and nitrate loads are higher in the irrigated season due to the larger drainage 

fractions and flows (Causapé et al., 2004). 

A key management strategy for mitigating this pollution is the optimization of N fertilization, 

coupled to an improvement in irrigation efficiencies and uniformities (Causapé et al., 2004). 

The results obtained in three experimental basins show that fertilizer N could be drastically 

decreased according to corn needs (from values higher than 400 to values of around 260 kg 

N/ha) without affecting yields. 
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Many factors determine whether an agrochemical can have a human acceptable toxicological 

and environmental profile. Several deterministic models have been generated to predict 

agrochemical behaviour in the environment, to assess leaching, water contamination, 

movement into the atmosphere and through the various food chain levels. However, these 

models require precise information, which is sometimes relatively complex, and results are 

often difficult to interpret because environmental phenomena are complex and hard to model 

(Alistair et al., 2006). 

Alistair proposes the creation of an Environmental Risk Index dependant on the characteristics 

of the agrochemical (persistence, leaching and volatility), the applied dose and the impact on 

non‐target organisms such as human health. 

Many efforts have been done to characterise diffuse pollution from agriculture, as the complex 

matter that it is, many have been the adopted approaches, ranging from the use of crop 

models, pollution dispersion models, pollution risk assessments to computation of indices or 

the application of GIS for territorial analysis.  However, all these methods always have to face 

complex challenges due to the characteristics of diffuse pollution, for most diffuse pollution 

sources there is no single point of discharge or so many that setting individual controls at each 

point would be impractical (D’Arcy et al., 2000). The complexity increases derived from the 

effect of the physical and geographical characteristics of the area studied. It is, in fact, evident 

that the same amount of nitrate released by a cultivated field will produce a different level of 

risk for the environment if located in an area with permeable soils and shallow, unprotected 

aquifers compared to another area with the opposite characteristics (Giupponi et al. 1999). 

The scientific community proposes many models for depicting the dynamics of pollutants 

coming from diffuse sources. Most of them can be grouped into two broad categories: 

statistical models and physically based models. As regards the assessment of pressures, the 

methodologies that are currently used for quantifying diffuse nitrogen losses differ profoundly 

in (i) their level of complexity, (ii) their representation of system processes and pathways, and 

(iii) resource (data and time) requirements. Deterministic computer models have been found 

useful at a local level where more data are available, whereas screening models require less 

data, and are more appropriate for large‐scale analysis or where simplified evaluation is 

needed to guide further steps. 
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A commonly used simulation model of agricultural non‐point source pollution is called GLEAMS 

Groundwater Loading Effects of Agricultural Management Systems) (Leonard et al. 1987). 

GLEAMS simulates the main physical processes of the cultivated fields (water and nutrient 

cycles, erosion, etc.), thus allowing comparisons of the effects of alternative management 

systems on the nutrient and pesticide losses associated with surface runoff, leaching and 

erosion. The modelling time step is daily and it can run on long‐term weather records thus 

allowing the calculation of average values and historic trends. 

Nitrogen pollution from agricultural sources is characterised by remarkable temporal and 

spatial variability, depending on the interplay of the effects of human driving forces with 

environmental variables (climate, soil and topography). 

Cereal producers are under pressure to increase yields and maintain profitability against a 

background of environmental constraints and high fertiliser costs. The production of high 

yields requires high inputs of N, and excessive N can lead to pollution of watercourses. This 

provides an incentive for the maximisation of nitrogen use efficiency (NUE), defined as grain 

yield per unit available soil N from all sources (Semenov et al., 2007). 

3.10.2 The nitrogen cycle 

The release of nitrogen from intensive agricultural has been identified as the major cause for 

the increase of nitrogen concentrations in continental surface and ground water bodies as well 

as in costal waters (Whitehead 1990), although releases from other  sources also have a 

relative importance. 

The potential peaks of nitrates concentrations in water courses following drought periods are 

especially interesting due to the effects of these compounds on biological diversity of river 

courses and the standards established by newly developed regulations for the supply of 

drinkable water to urban areas. The over‐loading of fresh water or costal areas water can 

modify the ecological balance of aquatic species that can even lead to demographic explosions 

of toxic algae (Whitehead, 1990).   

Most of the studies related to leaching processes from the inorganic compounds of nitrogen 

specifically refer to nitrites, ammonia and nitrates. These studies determine that the amount 
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of nitrates transferred to groundwater depends mainly on the amount of fertilizer applied to 

the soil, the frequency of application and the type of fertilizer. Also soil characteristics play an 

important role in this process, like soil permeability, moisture or stratification and, of course, 

the amount of water reaching the ground as precipitation or artificial irrigation (Whitehead et 

al., 2006). 

The nitrogen presence in the environment is characterized by intense nitrogen transformation 

processes from organic to inorganic nitrogen and vice versa together with external 

contributions (natural and artificial fertilizers) and transformations in biological processes. The 

usual way to evaluate the nitrogen excess is through a balance between income and output 

nitrogen in a portion of soil. Figure 12 summarizes nitrogen cycle. 
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Figure 12 The nitrogen cycle in the soil (Modified from Pérez Martín, 2005) 

The main sources of soil nitrogen are: fertilizers application (46%), organic waste application 

(7%), atmospheric nitrogen fixation by symbiotic and non‐symbiotic bacteria (20%), plant 

waste (17%) and precipitation (10%) (Novontny and Olem 1994). Most of the nitrogen in the 

soil is organic nitrogen coming from biological material such as roots, microflora and 

microfauna in decomposition processes (Stevenson 1982). 
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Organic nitrogen and ammonia are immobilized in the soil, and only ammonia is  usable by 

plant roots. However, when ammonia is transformed into nitrate it becomes highly mobile and 

it is then absorbed by plants or washed away with water (over the surface or by infiltration). 

This means only inorganic nitrogen in the compound of nitrates NO3 can be washed away by 

water; this process is named soil nitrogen leaching. 

Mineralization of nitrogen is the transformation of organic to inorganic compounds of 

nitrogen, specifically to ammonia ions NH4, through microorganisms placed in the soil and 

generating CO2 as a result of the degradation process (Vinten et al., 1993). The nitrification 

process is the one of transformation of these ammonia compounds to inorganic nitrogen 

compounds as nitrate, also produced by microorganisms contained in the soil that need a high 

amount of oxygen to develop this process. The bacteria responsible for this process are 

autotrophs, from the gender Nitrosome and Nitrobacter. 

Organic Nitrogen → NH4 (Ammonia) → NO2 (Nitrite)  → NO3 (Nitrate) 

The transformation from NO2 to NO3 is much faster than from NH4 to NO2 and therefore, the 

contents of nitrites in the soil are very low, the biggest part is transformed into nitrate which is 

very soluble and can be easily washed away by water in the soil. 

The movement of nitrate in the soil is complex and depends on the type of soil and the 

amount of circulating water, in addition there is a dispersive movement characteristic of 

nitrate in the presence of high levels of soil moisture and important variations of concentration 

of nitrate in the soil.   

There are many studies that establish the relationship between the amount of applied fertilizer 

and the nitrate leaching produced; Bergstrom et al. (1986) studied the leaching process for a 

very long time in soils all over Sweden, establishing a limit of 100 kgN/ha/year for moderate 

leaching concentrations, from that value up, leaching concentrations increase rapidly with the 

amount of fertilizer applied. Figure 13 shows the correlation between agricultural production 

and nitrates leaching, showing that the application of fertilizers reaches a limit above which a 

higher application of fertilizers can have negative impacts both for production and for the 

environment. 
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Figure 13  NO3 leaching and agricultural production in a corn growing area (EEA, 2000) 

Physical and chemical characteristics of natural water depend to a high degree on the path 

they follow in the river basin; during this time water dissolves different substances and 

modifies their chemical composition.  There are some parameters that can be used as 

indicators of water quality, but those related to the identification of the presence of nitrogen 

in its different compounds are the most extended in application for the evaluation of diffuse 

pollution   (Granlund et al., 2005; Heathwaite, 2003; Heathwaite et al., 2005). 

The maximum concentration of NO3 in waters for urban use has been established in 50mg/l 

because the ingestion of excessive nitrates has very harmful effects on health. In addition the 

enrichment of waters with nutrients (nitrogen and phosphorus) promote the growth of aquatic 

vegetation that uses up the oxygen dissolved in water for degradation processes and causes 

eutrophication problems. 

3.11 Climate change projections 

According to the last evaluation report published by the IPCC in, 2007, warming of the climate 

system is unequivocal, as is now evident from observations of increases in global average air 

and ocean temperatures, widespread melting of snow and ice, and rising global average sea 

level (IPCC, 2007). 
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Long‐term trends from 1900 to 2005 have been observed in precipitation amount over many 

large regions and in particular, drying has been observed in the Mediterranean, where also 

more intense and longer droughts have been observed since the 1970s. Increased drying 

linked with higher temperatures and decreased precipitation have contributed to changes in 

drought, as well as changes in sea surface temperatures (SST), wind patterns, and decreased 

snow pack and snow cover (IPCC, 2007). These trends will continue in the future even if 

greenhouse gas emissions are reduced to the minimum due to the atmosphere’s inertia.  

Already starting in the 1960s, scientists all over the world have recognized long‐range 

problems related to climate change, first on sea‐level rise and a threat to food supplies. But 

more consequences were continuously added to the list, ranging from the degradation of 

ecosystems to threats to human health. Experts in fields from forestry to economics have, 

since then, tried to assess the range of possible consequences. It was impossible to make solid 

predictions given the complexity of the global system, the differences from one region to 

another, and the ways human society itself might try to adapt to the changes. But by the start 

of the 21st century, it was clear that many places were liable to suffer serious harm — some 

more than others. Indeed many kinds of damage were already beginning to appear. 

Impacts, risk, adaptation and vulnerability themselves are not defined in either the United 

Nations Framework Convention on Climate Change (UNFCCC) or the Kyoto Protocol; the terms 

are used loosely by many scientific and policy communities and they also have a meaning in a 

common usage. It has been observed that interpretation of some of these key terms by 

scientific groups or policy makers can be quite different, which may lead to varied or false 

expectations and responses (OECD, 2006). Observed and predicted impacts of climate change 

on agriculture are different depending on the region and the analysed scale (global, regional or 

local). There are many studies on the implications of climate change over the agricultural 

sector that also reflect the concern about potential consequences on poverty rates and 

sustainable development in the most marginal areas (Iglesias et al., 2007).  

The concern about the potential consequences of climate change on the Earth and over 

specific regions increases constantly and this is reflected in the amount of resources allocated 

for research in the area and the number of conventions and agreements being adopted at the 

international level. 



Review of previous studies 

 

 
123

3.11.1 Socioeconomic drivers of climate change 

The evaluation of the response of the different crops to climate change in the future is based 

on the application of scenarios that allow the characterization of a wide range of potential 

conditions in the future and that also define the potential adaptation measures. Scenarios are 

pictures of the future or alternative futures (Nakicenovic, 2000). They are neither forecasts nor 

projections; each scenario represents an idea about how future can develop. 

There is a level of uncertainty associated to the use of such scenarios, however they are 

essential to represent potential futures with different development trends even if they do not 

represent conditions that will be certainly true (Castles et al., 2003). Scenarios help us to 

enhance our knowledge and understanding about systems’ development and connections. 

They are useful tools for scientific evaluations and for the formulation of different approaches 

for the analysis of climate change, including climate modelling, impact assessment and 

potential mitigation and adaptation measures. 

In order to define a reasonable range of potential futures, two contrasting scenarios are 

generally generated, one is an optimistic vision of the future (low population growth rates and 

high economic development rates) and the other one is pessimistic (high population growth 

rates and low economic development rates). Defining these two scenarios we have an idea 

about the range of possibilities for the future.  

Scenarios are usually defined through a set of parameter specifications like population growth, 

GDP growth rate (as an indicator for economic development) and technological development 

rates for example; all these together can give an idea about the adaptation capacity to changes 

in climatic conditions. 

Future levels of global greenhouse gas emissions (GHG) are the product of very complex 

dynamic systems, barely understood, lead by other processes like population growth, 

socioeconomic development and technological progress among others, making long term 

predictions for emission levels virtually impossible (IPCC SRES, 2000; Nakicenovic et al., 2000). 

However, policy changes in the short term can have important impacts on climate in the long 

run; this is why decision makers today need a summary of the potential range of future GHG 

emissions and taking into account the associated uncertainties and our understanding of 
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driving forces, scenarios appear as an appropriate tool for comprising both present knowledge 

and uncertainties. Decision makers also need scenarios that can be justified from the regional 

point of view in order to account for local or regional characteristics that are not included in 

global scenarios (Gaffin et al., 2004). 

The development of scenarios is generally based on a set of assumptions about change driving 

forces derived from historical evolution and from the present situation; they are usually 

generated with support from formal models. GHG emission scenarios are sometimes less 

quantitative and more descriptive and sometimes they do not include any formal analysis and 

they are expressed in qualitative terms. 

Socioeconomic scenarios proposed by the IPCC (Special Report on Emissions Scenarios, IPCC 

SRES, 2000) include both qualitative and quantitative components; they include a descriptive 

component called “storylines” and a set of quantitative scenarios associated to each of these 

storylines. SRES scenarios can be seen as a linkage tool that integrates qualitative prospects 

about the future with quantitative formulations based on diverse modelling options. 

These scenarios are developed around 4 main axes that describe demographic and economic 

growth rates, the importance of environmental aspects in the development trend and the level 

of regional adaptation for development initiatives. Figure 14 shows the 4 families of potential 

futures incorporated to these socioeconomic scenarios.  

 

Figure 14 Graphic representation of the axis and change driving force included in the SRES scenarios.  

Source: IPCC‐SRES, 2000 
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The Rapid Growth Scenarios (SRES A1) 

The A1 storyline and scenario family describes a future world of very rapid economic growth, 

global population that peaks in mid‐century and declines thereafter, and the rapid 

introduction of new and more efficient technologies. Major underlying themes are 

convergence among regions, capacity building, and increased cultural and social interactions, 

with a substantial reduction in regional differences in per capita income. The A1 scenario 

family develops into three groups that describe alternative directions of technological change 

in the energy system. Implications of the A1 scenario for climate impacts and adaptation: 

• Agriculture: Rapid increase in income translates into a shift towards increased consumption 

of meat and dairy products. Intensification of the agricultural systems. High income 

translates into suburbanization. 

• Natural ecosystems: Stress and damage at the local level and uncertain at the global level. 

• Coping capacity: Increased local due to increase in income and technology 

• Vulnerability: Increased 

 

The Heterogeneous World Scenarios (SRES A2) 

The A2 storyline and scenario family describes a very heterogeneous world. The underlying 

theme is self‐reliance and preservation of local identities. Fertility patterns across regions 

converge very slowly, which results in continuously increasing global population. Economic 

development is primarily regionally oriented and per capita economic growth and 

technological changes are more fragmented and slower than in other storylines. Implications 

of the A2 scenario for climate impacts and adaptation: 

• Agriculture: Lower levels of wealth and regional disparities. 

• Natural ecosystems: Stress and damage at the local and global levels. 

• Coping capacity: Mixed but decreased in areas with lower economic growth. 

• Vulnerability: Increased 
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The convergent World Scenarios (SRES B1) 

The B1 storyline and scenario family describes a convergent world with the same global 

population that peaks in mid‐century and declines thereafter, as in the A1 storyline, but with 

rapid changes in economic structures toward a service and information economy, with 

reductions in material intensity, and the introduction of clean and resource‐efficient 

technologies. The emphasis is on global solutions to economic, social, and environmental 

sustainability, including improved equity, but without additional climate initiatives. 

Implications of the B1 Scenario for climate impacts and adaptation:  

• Agriculture: Extensification of agricultural systems, prioritization of high quality products 

and environmentally friendly practices. 

• Natural ecosystems: Environmental protection is a priority and it is addressed intensively at 

the global scale. 

• Coping capacity: Technology is not available at the same level as Scenario A1, but systems 

are more resilient to changes. 

• Vulnerability: Decreased in stable systems but increased in areas exposed to extreme 

events. 

The Local Sustainability Scenarios (SRES B2) 

The B2 storyline and scenario family describes a world in which the emphasis is on local 

solutions to economic, social, and environmental sustainability. It is a world with continuously 

increasing global population at a rate lower than A2, intermediate levels of economic 

development, and less rapid and more diverse technological change. While the scenario is also 

oriented toward environmental protection and social equity, it focuses on local and regional 

levels. Implications of the B2 scenario for climate impacts and adaptation: 

• Agriculture: Lower levels of wealth and regional disparities. 

• Natural ecosystems: Environmental protection is a priority, although strategies to address 

global problems are less successful than in other scenarios. Ecosystems will be under less 

stress than in the rapid growth scenarios.  

• Coping capacity: Improved local 

• Vulnerability: global environmental stress but local resiliency 
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Although each scenario projects different results, all four scenarios are consistent in the spatial 

distribution of effects (Table 4). Crop productivity decreases are caused by shortening of the 

growing period, with subsequent negative effects on grain filling. The results are in agreement 

with the biophysical processes simulated with the calibrated crop models, agree with the 

evidence of previous studies, and therefore have a high confidence level. It is very important 

to notice that the simulations considered no restrictions in water availability for irrigation due 

to changes in policy. In all cases, the simulations did not include restrictions in the application 

of nitrogen fertilizer. Therefore they should be considered optimistic from the production 

point and pessimistic from the environmental point of view. 

Table 4 Overview of main primary driving forces in 1990, 2020, 2050, and 2100 for the A1, a2, B1, and 
B2 scenarios. (Adapted form the Special Report on Emission Scenarios) 

Scenario group A1 A2 B1 B2 
Population (billion) (1990 = 5.3) 
2020  7.6 8.2 7.6 7.6 
2050  8.7 11.3 8.7 9.3 
2100  7.0 15.1 7.0 10.4 

World GDP (10 12 1990US$/ yr) (1990 = 21) 
2020  57 41 53 51 
2050  187 82 136 110 
2100  550 243 328 235 

Per capita income ratio: developed countries and economies in transition (Annex ‐ I) to developed 
countries (Non‐Annex‐I) (1990 = 16.1) 
2020  6.2 9.4 8.4 7.7 
2050  2.8 6.6 3.6 4.0 
2100  1.6 4.2 1.8 3.0 
 

3.11.2 Global climate models  

Global climate models (GCM) used to generate projections of climate change get to quite 

similar conclusions about precipitation changes and more variable in relation to temperature 

projections. Changes foreseen for these two parameters are not the same all over the planet 

and differential consequences in different parts of the planet create a situation of “winner 
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countries” and “looser countries” derived from the global estimation of positive and negative 

impacts climate change can produce (IPCC, 2007). 

The main difference between GCM and pure statistical models applied in some social sciences 

is that the first ones are based on a complex compound of physical laws while the latter are 

based exclusively on empirical correlations. The climate system can be represented through 

models with different levels of complexity because each component of the climatic system can 

have a whole hierarchy of models applied. The most important differences between these 

hierarchic models are: 

• The amount of spatial dimensions of the model 

• The level of explicit representation of physical processes 

• The level of incorporation of empirical parametrization 

• The computational cost of the model execution 

These models incorporate modules that calculate a) the concentration of greenhouse gases 

(GHG) according to future emissions; b) the radiative forcing resulting from those 

concentrations of GHG and the calculation of aerosol precursor emissions; c) the response of 

global average temperature to the calculated radiative forcing; and d) the sea level rise caused 

by the thermal expansion of marine water and the response of glaciers and ice cups (IPCC, 

2007). 

Climate change scenarios are defined as potential combinations of climatic conditions used to 

evaluate the potential impacts and responses to these changes. Scenarios are useful to 

determine the vulnerability of a certain region to climate change and to identify the levels that 

define the severity of impacts. In the particular case of this study, these scenarios can be useful 

to compare the relative vulnerability of different regions to changes in hydrological regimes. 

The most important source of uncertainty affecting these future change projections of global 

average temperature is the climate equilibrium sensitivity, with a calculated value among 

1,5ºC and 4,5ºC with doubling CO2 (IPCC, 2007). 

Climate models incorporate the effects of small‐scale physics through the parameterization of 

unresolved processes. Consequently, a range of uncertainty exists in the value of such 

parameters. Models also contain uncertainties in the structures used to represent large‐scale 



Review of previous studies 

 

 
129

climate processes. Consequently, any model simulation of future climate may represent only 

one of many possible future climate statuses (Blenkinsop et al., 2007) 

A potentially significant impact of climate change over many regions will be changes in the 

frequency and characteristics of droughts. Although historical drought events in the 

Mediterranean have been much described, studies have tended to be based on either single 

drought events or single regions within the Mediterranean. 

Global or regional climate change scenarios are used to evaluate the possible impacts, risks 

and opportunities and the adaptation in a particular sector – in this study hydrological 

management. Figure 14 shows the development of climate change scenarios that drive 

impacts, risks and opportunities, and adaptation. It is important to notice that social conditions 

have a direct influence in the climate scenarios since they condition the amount of CO2 and 

other greenhouse gases in the atmosphere. The socioeconomic scenarios are also main 

determinants of the possible adaptation options, since economic development is a driver of 

technological change, population defines demand and consumption, and land use change is 

influenced by policy. 

 

Figure 15 Linkages between climate models and scenarios for the evaluation of climate change 

impacts, risks and opportunities, and adaptation options in agricultural water management. Modified 

from: Iglesias et al., 2007 
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3.11.3 Climate change projections for Europe  

There are more than 10 global climate models (GCMs) being run globally, and they give 

different results over Europe (PRUDENCE, 2006). Some of these uncertainties for the summer 

period over northern and southern Europe are shown in Table 5 for 2070‐2099, which is 

modified from results of the PRUDENCE project. Furthermore, the range of uncertainty for 

seven GCMs across all four SRES emissions scenarios is shown in Table 5.  

One conclusion is that all models predict increased annual precipitation in Northern Europe, 

and hence one consequent risk will be that flooding in that area will increase in frequency and 

intensity, while models also commonly agree in predicting decreased annual precipitation rain 

in Southern Europe and hence the consequent risk will be that of increased drought risk. 

Table 5 Summary changes of the summer mean temperature (June‐August) and annual precipitation 
by 2071‐2100 relative to 1961‐1990 averaged over northern Europe (47.5 − 75.0°N; 15.0°W − 35.0°E) 
and southern Europe (35.0 − 47.5°N; 15.0°W − 35.0°E). Source of data: PRUDENCE Project (2006). 

 Changes by 2071‐2100 relative to 1961‐1990 
 Average summer mean 

temperature change 
(June‐August) (deg C) 

Average annual 
precipitation change 
(mm/day) 

Northern Europe 
(47.5 − 75.0°N; 15.0°W − 35.0°E) 

 
1 to 4 

 
+ 0.0 to + 0.3 

Southern Europe 
(35.0 − 47.5°N; 15.0°W − 35.0°E) 

 
2 to 8 

 
+ 0.1 to ‐ 0.5 

 

The PRUDENCE project provides data to develop regional (wide areas) and local (a single point 

in the space) climate change scenarios. In the PESETA project scenarios were constructed from 

a combination of global climate models (Had CM2 and ECHAM4) driven by the A2 and B2 SRES 

socioeconomic scenarios (that modify the results or global climate models by changing GHG 

concentrations) and downscaled for Europe with the HIRHAM and RCA3 regional models. The 

resulting high resolution scenarios were then used to derive impacts of climate change in 

agricultural production (see later). The timeframes considered are 2071‐2100 and 2011‐2040. 

In the timeframe of 2011‐40 the socioeconomic scenarios A2 and B2 are very similar, and 

therefore the resulting climate change scenario is almost identical.  
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Some studies developed at the European scale oriented to determine the impacts of climate 

change on water resources highlight the importance of seasonality in river flows. The 

generalized increase of temperatures and the decrease of precipitations will create a situation 

of less accumulation of water as snow during the winter (intensifying winter floods) and less 

spring snowmelt flow, leading to lower summer flows in river courses (Hatterman et al., 2007) 

3.11.4 Implications of climate change for agriculture and water resources 

Climate change is already happening. Regardless of international progress to reduce emissions 

of the greenhouse gases (GHG) that cause climate change, the climate system will continue to 

adjust for the next few decades to past and present emissions. This unavoidable climate 

change will bring with it impacts on natural and human systems, and presents the challenge of 

a second response – adaptation, to prepare for and cope with those impacts.  Nearly all 

European regions are expected to be negatively affected by some future impacts of climate 

change and these will pose challenges to many sectors, including agriculture. Climate change is 

creating an additional pressure on the supply and demand of water resources and on 

ecosystems and ecological communities, including species extinctions, massive reduction of 

populations, changes in migrations, reproduction processes, plant phenology or the 

modification of ecological processes (IPCC, 2007). 

Economical sectors directly dependant on climate, such as agriculture, are subject to a much 

higher level of risk and therefore have an urgency to adapt to climate change (Iglesias et al., 

2007). Future climate projections predict an increase in the frequency of extreme events such 

as storms, floods or droughts that can lead to severe periods of water scarcity. Global heating 

and climate change can lead to an increased risk of diseases and pests that will affect directly 

the yields of crops; the consequences of these changes will have different levels of severity 

and, therefore, different consequences in different parts of the world (Rosenszweig et al., 

2004). Some regions will even obtain benefits derived from the low intensity of changes 

occurred in the half‐term, enjoying longer crop growing seasons, a decreased number of frost 

days, and increase in precipitation and an increase of natural fertilization derived from the 

atmospheric CO2 increase. However, all these statements and predictions are surrounded by a 

high level of uncertainty (Rosenzweig et al., 1994b).  
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There is already considerable knowledge of the likely impacts of climate change. From this 

knowledge risks may be identified, and also measures to enable adaptation. However, at 

present we have not developed methods to effectively plan adaptation, or evaluate policies 

and measures. There are a number of reasons for this. 

Impacts occur at different scales (farm, community, region, country). However, assessments of 

climate impacts, and modelling of agricultural productivity are usually at regional, national or 

global scales. The application of information on coarse‐scale impacts to devise farm‐level 

adaptation measures is challenging.  

Knowledge transfer between scientists, political decision‐makers and the people directly 

affected by climate change is currently weak, and existing information is poorly used. One of 

the difficulties is the number and range of stakeholders involved in adaptation. Another 

challenge is the inherent uncertainty in climate science and impacts projections: uncertainty 

can lead to confused messages and inertia, if it is not communicated in the right way. 

The development of adaptation measures must take into account future socioeconomic 

scenarios as well as future climate change scenarios. Practitioners need to understand the 

relevance of a future climate to a future society, rather than to current society. Credible 

socioeconomic scenarios are required to provide a framework for adaptation decision‐making 

for practitioners.  

The sectorial approach to impacts and adaptation has provided a pragmatic solution to a wide‐

ranging problem. However adaptations often involve combined effort across many sectors. 

Agriculture is sensitive to the responses in other sectors, particularly water, tourism and 

biodiversity conservation. Adaptation measures for agriculture should take account of policies 

in other sectors. 

Table 6 summarizes the potential effects of climate change on agriculture and water resources 

for Europe.  
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Table 6 Climate change effects on agriculture and water resources (Source: Iglesias, 2003) 

Climate factor Change direction 
Consequences and interacting factors with agricultural 
production and food safety 

Temperature Increase Intensified water cycle 
Increased evaporation rates 
Changes in weeds, crop pests and diseases. 
Changes in water requirements. 
Changes in crop quality. 

 Differences in day‐night 
temp 

Modifications in crop productivity and quality. 

Heat stress Increases in heat waves Damage to grain formation, increase in some pests. 
Precipitation 
intensity 

Intensified hydrological 
cycle, but with regional 
variations 

Changed patterns of erosion and accretion. 
Changed storm impacts. 
Changed occurrence of storm flooding and storm 
damage. 
Increased water logging. 
Increased pest damage. 

Extreme events Increased frequency and 
intensity 

Increased risk for management infrastructure 
Conflicts among water uses 
Decreased yields, loss of crops 

Sea level rise Increase Sea level intrusion in coastal agricultural areas and 
salinization of water supply. 

Soil erosion Increase Loss of soil stability and fertility. 
Increased risk of salinization. 

 

Climate change scenarios are derived from global climate models (GCMs). Those GCMs are 

very limited in capturing Mediterranean rainfall variability and drought events. (Lehner et al., 

2006; Döll, 2002) 

The agricultural models contain many simple, empirically‐derived relationships that do not 

completely represent general plant processes. The results of many studies do not provide data 

to evaluate if the models used were adequately tested against observed data. Agricultural 

models in general assume that weeds, diseases, and insect pests are controlled; they do not 

take into account problems with soil conditions such as high salinity or acidity and neglect the 

influence of catastrophic weather events such as heavy storms.  

Scaling up the impact results to a regional level is, as in most scaling exercises, not an easy 

task. Ideally one might use information from farms that are representative of agriculture in the 

region; and the degree of their representation needs to be established. More frequently, the 

large‐scale assessment relies upon the input provided by regional planners and economists as 

to regional‐scale effects, based upon local data supplied to them and discussed by a full range 
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of stakeholders. The economic adjustments simulated by economic models are assumed not to 

alter the basic structure of the production functions, and include other ‐ non‐agricultural ‐ 

sectors that are poorly modelled, leading to extremely large simplifications. 
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4 A review of methods and tools 

4.1 Drought characterisation 

Droughts are characterized by their time of onset, duration, intensity, and geographical extent. 

These properties can be estimated deriving statistical properties of historical data on 

precipitation and other relevant variables such as soil moisture by using different indicators. 

The main limitation of the statistical analysis is the small number of drought events that occur 

over the historical time series, and therefore, the "historical" drought characteristics have a 

large degree of uncertainty.  

While the methods to study the recurrence of other types of extreme events, such as floods, 

are well defined and used widely, the methods to analyse drought are more subject to debate, 

due to their spatial and temporal characteristics and to their interactions with regulated 

hydrological systems. Furthermore, a single indicator may not be sufficient for the analysis 

because the implications of drought events are heterogeneous and depend on the ongoing 

management and mitigation actions (Iglesias et al., 2005).  

Although drought indicators are commonly used to synthesize information on rainfall, soil 

moisture, and other variables, they are not very useful in explaining the spatial properties of 

drought if calculated at a single point (Cancelliere et al., 2004). The values calculated by 

drought indices at the station level may be spatially interpolated to cover large areas or 

regions. In many cases, the number of stations in a region limits the possibility of spatial 

interpolation.  

Drought indices are single values that explain the current state of an area in relation to the 

normal climate or water resources conditions. The key strength of drought indices relies on 

their capacity to establish comparisons among different areas or times (Flores et al., 2003). 

The information provided by indices is extremely useful for the analysis of historical 

occurrence of drought, its probability of recurrence, and hence for planning and policy 
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applications (Wilhite, 2000). Indices are often used to trigger both response and mitigation 

programs at different administrative scales.  

Some of the most commonly used indices include: Palmer Drought Severity Index, Surface 

Water Supply Index, Deciles of precipitation, Standardized Precipitation Index, and 

Reclamation Drought Index. The description and use of drought indices have been evaluated 

by Tate et al. (2000), Hayes (2002), Tsakiris (2005), and Flores et al. (2003). A summary of the 

characteristics of drought indices in the context of this study is presented below.  

Palmer Drought Severity Index (PDSI) 

Developed by Palmer in 1965 has been widely used in the USA and South Africa. It is a relative 

complex index as it needs a great number of meteorological and hydrological data for 

calculation. The PDSI provides a measure of the departure from normal of the moisture supply. 

The PDSI is most effective in determining long term drought and is not so effective with short‐

term forecasts. It uses a scale that varies around 0, which represents normal years, and 

negative numbers represent drought years; for example, minus 2 is moderate drought, minus 

3 is severe drought, and minus 4 is extreme drought. On the other hand, the PDSI can also 

reflect excess rain using a corresponding level reflected by positive figures; i.e., 0 is normal, 

plus 2 is moderate rainfall, etc.  The advantage of the PDSI is that it is standardized to local 

climate, so it can be applied to any region to demonstrate relative drought or rainfall 

conditions. The negative is that it is not as good for short term forecasts, and is not particularly 

useful in calculating supplies of water stocked during the winter as snow.  

Surface Water Supply Index (SWSI) 

Developed by Shafer et al. in 1982 is useful for evaluating water availability in snow‐pack, 

reservoirs and river flows, it also needs quite an important amount of hydrological data (Tate 

et al., 2000). The Surface Water Supply Index (SWSI) is computed using only surface water 

supplies for the drainage. It includes reservoir storage, if applicable, plus the forecast runoff. 

The index is purposely created to resemble the PDSI, with normal conditions centred near 

zero. Adequate and excessive supply is represented by a positive value and deficit water 

supply by negative values. Soil moisture and forecast precipitation are not considered as such, 

but the forecast runoff may include these values.  
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Deciles of precipitation 

This method was developed by Gibbs and Maher in 1967 as an alternative to the limitations 

denoted by the analysis of the “percentage of the normal”. Precipitation data are ordered 

from lowest to highest values and then ranked into deciles (tenths of the distribution of the 

total number of data), the first decile is the rainfall amount not exceeded by the 10% of the 

occurrences (Hayes, 2002). By definition the 5th decile corresponds to the median, and is the 

precipitation amount not exceeded by 50% of the occurrences. This method has been 

commonly used in Australia to classify droughts. Precipitations are ordered from lowest to 

highest, representing the first decile the lowest 10% precipitation values of the distribution 

(Tate et al., 2000) 

Standardized Precipitation Index (SPI) 

Developed by McKee et al. in 1993, it is an index based on the probability of precipitation at 

different time scales. As it is based on precipitation alone the acquisition of data is less of a 

problem (Wilhite6, 2000). The SPI is a simple calculation solely based on rainfall with a 

temporal flexibility that is theoretically much better suited to the quicker responses in 

vegetation 

Reclamation Drought Index (RDI) 

The RDI was recently developed as a tool for characterizing drought severity and duration, and 

for predicting the onset and end of periods of drought due to the publication in the USA of the 

Reclamation States Drought Assistance Act of 1988, which allows states to seek assistance 

from the Bureau of Reclamation to mitigate the effects of drought. 

RDI is calculated at the river basin level, incorporating temperature as well as precipitation, 

snowpack, streamflow and reservoir levels as input. By including a temperature component, it 

also accounts for evaporation. The index is unique to each river basin, inter‐basin comparisons 

are limited. The RDI is adaptable to each particular region and its main strength is its ability to 

account for both climate and water supply factors. (Hayes, 2002) 

Table 7 presents a comparison between indices, their applicability to different conditions and 

data availability and the comparative strengths and weaknesses of each of them. 
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Table 7 Meteorological and hydrological drought identification indices 

Index Description and use Strengths Weaknesses 
 
Meteorological drought indices 
Percentage of 
normal and 
accumulated 
precipitation 
deviation  

Simple calculation 
method 
Used for general 
applications 

Useful for comparison 
inside a region or in a year 
season 

Precipitation does not 
always present a normal 
distribution. 
Values depend on the 
region or year season. 

Deciles 
Gibbs and 
Maher, 1967 

Simple calculation 
method grouping 
precipitation and 
deciles. 
Applied by the 
Australian Drought 
Watch System. 

Detailed statistical measure.
Simple calculation. 
Uniformity in drought 
classification. 

Long historical data series 
are required for 
precision. 

Standardized 
precipitation 
index (SPI) 
McKee et al. 
1993  

Based on precipitation 
probability for any 
temporal scale. 
Applied in many 
drought management 
plans. 
 

It can be calculated for 
different temporal scales, 
supports drought early 
warning and drought 
intensity analysis. Useful for 
comparison among regions  

Precipitation distribution 
is not always normal 
 

Palmer Drought 
severity index 
(PDSI) 
Palmer, 1965 
Alley, 1984 

Soil moisture algorithm 
for homogeny areas. 
Used in the USA to 
trigger emergency 
plans. 

One of the most commonly 
used indices. 
Very effective to identify 
agricultural droughts 
because it includes soil 
moisture 

Complex calculation  
Requires not easily 
available data 
Not applicable to every 
orographic conditions  
Not consistent 
classification in terms of 
spatial and temporal 
occurrence. 

Crop moisture 
index (CMI) 
Palmer, 1968 

Derived from PDSI. 
Reflects moisture in the 
short term. 

Identifies potential 
agricultural droughts.  

Not very useful in the 
long term 

 
Hydrological drought indices 
RUN Method Statistical method 

based on inflow 
measurements 

Very simple application 
Can be calculated for 
different aggregation 
periods 
Useful for comparison 
among regions 

Subjective definition of 
identification threshold 
levels  

Palmer 
Hydrological 
Drought Index 
(PHDI) 

Similar to PDSI but 
more data demanding 

One of the most data 
demanding indices. Very 
effective to identify 
agricultural droughts 
because it includes soil 
moisture 

Complex calculation  
Requires not easily 
available data 
Not applicable to every 
orographic conditions  
Not consistent 
classification in spatial 
and temporal occurrence. 
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Index Description and use Strengths Weaknesses 
Surface Water 
Suplí Index 
(SWSI) 

Developed from Palmer 
Index taking into 
account water 
accumulated as snow 
pack  

Represents surface water 
conditions and includes 
water management. 
Combines hydrological and 
climatic aspects. 
Considers water 
accumulated in reservoirs. 

Characteristic for each 
river basin, depending on 
management, limiting the 
comparison capacity. 
Does not represent 
correctly extreme events 

Reclamation 
Drought Index 
(RDI) 
The Bureau of 
Reclamation 
 

Calculated at the river 
basin level 
Incorporates 
temperature, 
precipitation, snow, 
streamflow and 
reservoir levels. 

It takes into account 
evapotranspiration through 
the incorporation of 
temperature. 

Characteristic for each 
river basin, depending on 
management, limiting the 
comparison capacity. 

 

4.2 Crop management and irrigation models 

4.2.1 A survey of agricultural models 

Process‐based agricultural models commonly use simplified functions to represent the 

interactions between crop growth and those environmental factors that most influence this 

process (climate, soil or management factors) and they are mainly applied to evaluate the 

consequences of changes in climate or management conditions. Most of these models are 

developed as tools for agricultural management, mainly to obtain information on the optimal 

amount of inputs (fertilizers, pesticides or irrigation) and the moment of application of these 

inputs. There is currently a great amount of available dynamic models for most of the main 

world grown crops. In each case, the objective is to predict the response of a certain crop to 

specific states or variations of the environmental conditions (Rosenzweig et al. 1998). 

In the last years there has been an important development of dynamic crop models for most of 

the grain crops, as mentioned before; the aim of these models is to predict the response of 

crops to environmental conditions and management options (Rimmington et al., 1987). 

Dynamic simulation models quantify those processes that determine the state of a crop in a 

given moment according to initial conditions and the accumulated effects of external factors 

up to that moment. The description of the physiological processes of the crop is done through 
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a set of empirical and functional relationships that result in the description of the crop 

response to the external conditions. 

Models incorporate many empirically derived relationships that do not always represent 

perfectly real processes of the plant. When models are adequately contrasted with observed 

data (calibration and validation process) represented results are those obtained in the same 

climatic conditions. However, simplification of the models is a source of uncertainty. For 

example, most of the crop models assume weeds, pest and diseases to be controlled, no 

salinity problems or soil acidity and no extreme weather events such as floods or droughts. 

These models include the range of current available technologies, but not potential 

improvements of this technology, this is easy to introduce and in many studies these models 

are used with this purpose to evaluate the effects of some improvements like the introduction 

of new crop varieties or irrigation distribution. Despite all these limitations, agricultural models 

are extensively used both in scientific research studies and by agricultural extension services, 

managers or commercial farmers to evaluate the existing cropping alternatives under different 

conditions (droughts, changes in the agro‐chemical application policy or changes in water 

availability, among others) 

The sate of a plant in a certain moment can be defined through its growing rates (weight 

increase, volume, height or area of a part or the whole plant) and its development rates 

(phenology, season for critical changes in the crop cycle) (Ritchie et al. 1991). In a model these 

two processes are quantified separately because they are affected by different climate 

variables.  

Table 8 summarizes the main crop models that have been used to evaluate the impacts and 

adaptation to climate change. 
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Table 8 Crop models: Source and references Rosenzweig and Iglesias, 1998 

Crop Model 
Crop specific ICASA/IBSANT specific crop models included in the DSSAT software 

(includes all the CERES and GRO mentioned models)  
Generic WOFOST provides a family of generic models with specific parameters for 

maize, wheat, sugar beet, and some others.  
General model (erosion) EPIC 
Decision support system  DSSAT, includes simulation models for multiple crops and others can be 

added 
Crop water 
requirements 

CROPWAT  

Alfalfa ALSIM, ALFALFA 
barley CERES‐Barley 
Cotton GOSSYM, COTCROP, COTTAM 
Legumes BEANGRO 
Maize CERES‐Maize, CORNF, SIMAIZ, CORNMOD, VT‐Maize, GAPS, CUPID 
Peanuts PNUTGRO 
Potatoes SUBSTOR 
Rice CERES‐Rice, RICEMOD 
Sorghum CERES‐Sorghum, SORGF, SORKAM, RESCAP 
Soya SOYGRO, GLYCIM, REALSOY, SOYMOD 
Sugar cane CANEMOD 
Wheat CERES‐Wheat, TAMW, SIMTAG, AFRCWHEAT, NWHEAT, SIRIUS, SOILN‐

Wheat 
 

Model WOFOST is generic and it incorporates parameters for some crops. There are different 

versions of the model that are continuously revised and developed by the Wageningen 

University. WOFOST is based on plant physiology (photosynthesis and respiration) to predict 

crop yields under different production levels (these levels correspond to different land use 

types), according to radiation, temperature, water, nitrogen, nutrients, weeds or diseases 

limitations. 

Model EPIC (Erosion Productivity Impact Calculator) incorporates simple crop growing 

functions that respond to climate, the environment and management. It has been applied in 

some climate change evaluations. It is a mechanical model to evaluate the long‐term effects of 

several soil erosion components on crops productivity. The model includes several 

components: soil erosion, economic, hydrological and climatic aspects, plant growing dynamics 

and crop management. 

CROPSYST is a model developed to evaluate the effects of the crop management systems on 

crop productivity and the environment. It simulates soil water balance, nitrogen in the system 
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soil‐plant, the aerial part of crops and root growth, dry matter production, yield, production 

and degradation of wastes and erosion. 

Models included in DSSAT use simplified functions to predict the growth of crops influenced by 

yield determinant factors such as genetics, climate (solar radiation, maximum and minimum 

temperatures and precipitation), soils and management. There are available models for many 

different crops that have been validated for a wide range of geographical areas; therefore they 

are not specific for a special soil or location. CERES‐maize, CERES‐wheat and SOYGRO, and 

other included in DSSAT are predictive, deterministic models, designed to simulate the growth 

of the crop according to water dynamics, temperature and nitrogen. They are used for 

research and basic applications to evaluate the effects of climate (hydrological and thermal 

regime) and management options (fertilization and irrigation) in the development and yield of 

the crop. They are also used to evaluate the effects of nitrogen fertilization in fixation and 

leaching processes and the effects of climate change (temperature, precipitation and water 

use efficiency due to the increase of CO2) 

CROPWAT is an empirical management model for irrigation developed by FAO to calculate 

water requirements and crop irrigation demand from climatic and crop characteristics data 

(CROPWAT, 2004). Water demand (balance between crop evapotranspiration and available 

water) can be calculated for more that 1000 locations all over the world, including those in the 

FAOCLIM database (FAO,, 2006). The model can be adjusted to include irrigation efficiency in 

each region.  

Potential biomass of a crop, and therefore also yields, is the product of the mass accumulation 

rate and the duration of the growing period (Ritchie et al., 1991). The mass accumulation 

depends mainly on the amount of light captured by the plant (in a wide range of 

temperatures) and the duration of the growing period is proportional to temperature (also in a 

wide range of temperatures) (Monteith 1965, 1981). Therefore, the potential yield of a crop is 

higher in regions where the duration of the crop cycle is longer due to relatively low 

temperatures. The adequate modelling of the crop phases duration is essential to predict 

potential productivity. 

Current agricultural models are partly based in the quantification of the relationship growth‐

temperature (Hodges 1991). However, these relationships are not linear for a certain state, 
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they vary with the phenological state and the particular climatic characteristics. Generally, two 

key temperatures can be determined in the growing cycle of a crop: base temperature (below 

this temperature the crop does not develop) and the maximum temperature (above this 

temperature the growth of the crop starts to decline). Between these two temperatures the 

development rate of the crop (pace used by the crop to complete a certain phenological state) 

is linear and it is measured in units per day. The duration of each phenological state is 

measured in days. The unit of the inverse of the slope of the relationship of the development 

rate and the temperature is degrees per day, this is the “thermal time” needed for a 

development state to occur.  

In theory, for a certain cultivar, phenology could be directly related with the accumulation of 

thermal time, with a characteristic accumulation for each phenological state (the relationship 

with temperature can be lineal, exponential, etc.) 

4.2.2 The DSSAT models   

The group of dynamic crop growth models from ICASA/IBSNAT (International Consortium for 

Application of Systems Approaches to Agriculture – International Benchmark Sites Network for 

Agrotechnology Transfer) is structured as a decision support system to facilitate the simulation 

of crop responses to different management options (DSSAT). These models have been 

generally used to evaluate the impacts of climate on agriculture at different scales, from 

localized points to large geographical areas (Rosenzweig et al. 1994a, 1998). This kind of model 

is especially useful for evaluating the management adaptation options to climate change. The 

software DSSAT includes all the ICASA/IBSNAT models with an interface that permits the 

analysis of results. 

The models described ahead simulate growing and development processes, they include the 

phenological state during the crop cycle, the development of a cover that captures 

photosynthetic active radiation (PAR) and use of PAR to fix CO2 and afterwards transform it 

into dry matter. All models incorporate equations to reduce potential production due to water 

and nitrogen deficiencies. None of the available models incorporates the effect of other 

nutrients, pests or diseases. Models follow the same philosophy but they differ in the way of 
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describing it. Generally models assume a lineal relationship between temperature and 

development rate.  

There are several requirements for the validity analysis of a model: data used for validation 

must be different to those used for the development of the model, otherwise the process 

would be circular; it is not enough to use one single parameter for the validation of the model, 

such as yield, because the model must also adequately simulate the growing sates; and finally, 

validation data must have been monitored with enough frequency so that the crop 

development cycle and growth can be precisely estimated. Few studies comply with this 

requirement as it requires high effort. 

The models selected for the simulation of crops in this work are CERES‐Wheat (Godwin et al. 

1990; Ritchie et al.1985) and CERES‐Maize (Jones et al. 1986). These models describe the daily 

phenological development and growth of the crop as a response to environmental factors 

(soils, meteorology and management options). The simulated processes include: phenological 

development, growth of vegetative and reproductive parts, enlargement of leaves and stems, 

leaves’ senescence, biomass production and its distribution in the different parts of the plant 

and dynamics of the root system. These models include subroutines to simulate water and 

nitrogen balance in the soil and the crop and they have the capacity to simulate the effects of 

nitrogen and water deficiencies in the photosynthesis. These models are the integration result 

of an enormous experimental effort. Table 9 summarises the growth and development 

processes of the CERES models. 
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Table 9 Summary of the growth and development processes for the CERES models 

 GROWTH DEVELOPMENT 
 MASS EXPANSION PHASES(1) MORPHOLOGY (2) 

Main factor Solar radiation  Temperature 
Temperature 
Photoperiod 

Temperature 
Thermal accumulation 

Genotypic 
variation 
degree 

Low Low High Low 

Sensitivity to 
water 
deficiencies 

Low in stomata 
Moderate in 
leaves wilting 
state 

High in vegetative 
state  
Low in grain filling 

Low in vegetative 
state (longer) 

Low in the main stem 
High in other parts 

Sensitivity to 
nitrogen 
deficiencies 

Low High Low 
Low in the main stem 
High in other parts 

(1) State change (phenology); (2) Organ development 

Phenology 

The primary variable that influences the phenological development of the crop (phases 

change) is temperature.  As temperature is not constant, the calculations of thermal time 

accumulation are not based on lineal relationships of the average temperature; in these 

models there is a sinus‐exponential function, generally accepted, that describes the variation 

of average daily temperature through a sinus function and an exponential one for the night. 

These calculations need the precise time of sunrise and sunset (calculated depending on the 

year day and the latitude). The calculation of these processes in the CEREs models is based on 

the results of detailed laboratory experiments (Ritchie et al. 1991). 

However, these relationships of temperature by themselves cannot predict phenology because 

the latter one can also be affected by the photoperiod (Warrington et al. 1983). Generally, 

short‐day species have longer development duration when exposed to longer photoperiods. 

For plants which are sensitive to photoperiod, like wheat and maize, thermal time for one 

phase is only constant if plants grow in conditions of the same photoperiod. 

Thermal time for each phase is modified through coefficients that characterize thermal 

responses of the different crop genotypes. The dates of the different phenological states can 

be calibrated by the modification of the coefficients that characterize vernalization (in wheat), 

the responses to photoperiod (in wheat and maize), the duration of the juvenile state (in 

maize) an the duration of the grain filling period (in wheat and maize) for each particular 
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genotype. The calibration of the model refers to the modification and adjustment of the 

coefficients that determine the genotypic variation degree and have an important incidence in 

the phenology of the crop. 

Growth 

The potential production of dry matter is a lineal function of the captured PAR. The percentage 

of PAR captured by the vegetation cover is an exponential function of the leaf area index (LAI). 

The distribution of dry matter is determined by a distribution coefficient that depends on the 

water stress and the phenological state of the crop during that state. The final yield of the 

grain is calculated as the product of: plants density, number of grains per plant and grain 

weight. The number of grains per plant is a lineal function of the stem weight and some 

coefficients that take into account the genotypic variations among the different cultivars in 

relation with the number of grains per spike. The maximum potential grain growth rate and 

the potential number of grains per spike is a coefficient that depends on the genotype. 

Water balance  

CERES models incorporate a soil‐plant‐atmosphere water balance where the following 

processes are quantified: 

• Precipitation: daily input 

• Streamflow: function of the soil type, soil moisture and precipitation 

• Infiltration: difference between precipitation and streamflow 

• Drainage: Takes place when soil moisture is higher than the water retention capacity of the 

deepest soil layer 

• Evapotranspiration: Calculated with the Priestley‐Taylor method (Priestley et al. 1972). 

• Soil evaporation: Function of the leaf area index, potential evaporation and time (Ritchie, 

1972). 

• Daily soil moisture: Difference between precipitation and evaporation plus streamflow and 

drainage 
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Model inputs 

Models require daily meteorological data like maximum and minimum temperature, solar 

radiation and precipitation. The required information to characterize soils include drainage 

indices and streamflow, evaporation and solar radiation reflection coefficients, soil layer water 

capacity retention and root distribution coefficients for each layer. It is also necessary to 

quantify soil moisture at the time of seeding.  

4.2.3 Calibration and validation 

Crop models are used as support tools to evaluate the vulnerability and adaptation to climate 

change or general environmental conditions. There is an unavoidable first step, which is the 

data gathering for calibration and validation in order to evaluate the level of 

representativeness of the model results for potential aggregation.   

In all agricultural models, the development process includes the adjustment of coefficients 

that describe the characteristics of crops and their responses to environmental variables. Table 

10 summarizes the process of calibration and validation for agricultural models with special 

mention to DSSAT models. 
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Table 10 Summary of the calibration and validation steps in agricultural models. 

Step Concept/Process Example 
1. Crop 
phenology 
calibration 

The development phase of the 
crop determines how and where 
biomass is accumulated in the 
plant 
Adjustment of the simulated 
dates of blooming and 
physiological maturity to field 
data. 
 
 

In the CERES‐Maize model, it is described 
through the P1 coefficient (termal time from 
germination until the end of the juvenile 
phase); P2 (increase of development delay for 
each hour increase in photoperiod) and P5 
(thermel time from juvenile phase until 
physiological maturity) 
The adjustment of these coefficients allows 
for the adequate representation of real 
development.  

2. Calibration  
of grain 
production 

The adequate rate and amount 
of biomass accumulation 
determines the final 
productivity of the crop. 
Adjustment of the simulated 
grain yield to field data.   

In the model CERES‐Maize it is described 
through coefficients G2 (maximum number of 
grains per plant) and G3 (grain filling rate 
during the grain filling phase and in optimal 
conditions)  

3. Validation of 
the calibrated 
model 

Ensure that the adjustment of 
the model results with the 
experimental data base to 
represent a bigger geographical 
area. 
Control that simulated blooming 
and maturity dates and the 
grain yield coincide with 
farmers’ results.  

Adequately calibrated models should always 
simulate crop maturity dates correctly. 
Simulated yields can be higher that those 
observed in reality, but they should represent 
the geographical variability of agricultural 
yields derived from the difference in soils and 
management techniques. 
 

  

4.2.4 Comparison between models and previous uses 

Even if there is a great number of agricultural models available for cereal simulation, only a 

few of them have been adequately calibrated and validated to be applied in conditions 

different to those of model development. Models have been designed for different uses, such 

as the analysis of experimental results, prediction of crop responses to new conditions and the 

support to decision making in management strategies. Models have also been used to predict 

how changes in environmental conditions, in particular increases in CO2, precipitation and 

temperature can affect crop development (Adams et al. 1990, Rosenzweig et al. 1994a; 

Rosenzweig et al. 1994b). 

CERES models have been validated for use in a wide range of agro‐climatic conditions (Jones et 

al. 1986). However, these models have been scarcely calibrated in conditions different to those 

of development. In particular, in semi‐arid conditions, the use of these models is doubtful 
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without previous calibration with experimental data which are sometimes hard to obtain. 

CERES models have been widely used in environmental impact assessments (Adams et al. 

1990; Rosenzweig et al. 1994a; Rosenzweig et al. 1994b). 

4.2.5 Limitations of the agricultural models 

General limitations of the dynamic descriptive models include, among others: 

• They do not account for crop interactions with pests and diseases 

• Development processes are described in a simplified way depending on accumulated 

thermal time, but not analysing in detail the effect of extreme temperatures and other 

factors like water stress. 

• Calculation of evapotranspiration is simple and does not account for vapour pressure 

• The effects of extreme temperatures are not included in many processes, for example in 

polination.  

 

4.3 Hydrological and water management models 

4.3.1 Empirical and conceptual models 

The use of mathematical models in water resources research or management has increased 

continuously in the latest decades. The reason is the need to have a tool to support decision 

making on planning, management options and the generation of new system regulation 

policies with a high level of complexity. The development of these kind of models also 

increases the understanding of the system and the quality in data records. 

Most of the river basin management models, both management or optimization models, have 

been especially developed for a certain river basin and they are rarely applicable to other 

systems. However, there are some water resources management models that have been 

developed as general tools that allow the modification of components so that they can be 

applied to different systems. Most of them are simulation models but there are also some 

optimization models (Andreu et al., 1996) 
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In this multi‐disciplinary setting, successful planning requires effective Integrated Water 

Resource Management (IWRM) models that can clarify the complex issues that can arise. 

Effective IWRM models must address the two distinct systems that shape the water 

management landscape. Factors related to the biophysical system, namely climate, 

topography, land cover, surface water hydrology, groundwater hydrology, soils, water quality, 

and ecosystems shape the availability of water and its movement through a watershed (Yates 

et al., 2005a, 2005b), while other factors related to land use, the management strategies 

adopted in the watershed or political issues determine the way water is regulated and used in 

that area. 

A major challenge still remaining in hydrology is the accurate prediction of catchment runoff 

responses to rainfall events. Quantitative descriptions of this dynamic transformation process 

are necessary for the optimal design of water storage and drainage networks or the 

management of extreme events, such as floods or droughts (e.g. Sivakumar et al.2002). 

Allocation of scarce water among multiple demands is a challenging task that requires careful 

analysis. It is very important for system managers to develop methods, rules and criteria to 

evaluate water scarcity and prioritise proactive and reactive measures for drought 

management, especially in well‐developed regions with extensive hydraulic infrastructure and 

complex socioeconomic interactions (Martín‐Carrasco et al., 2007) 

There is a great amount of models designed for the evaluation of water resources and their 

response to climate variability depending on some basic characteristics (number of 

parameters, established relation between precipitation and runoff, etc.). Hydrological models 

can be classified in different ways. 

According to Estrela (1992) models can be: 

• Deterministic, including: 

Aggregated with a high number of parameters, aggregated with a low number of parameters 

and distributed. 

• Stochastic, including:  

Autoregressive, moving average autoregressive and multiple correlation. 
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According to Ambroise (1998) models can be: 

Deterministic (based on physical laws) or stochastic (determining the mathematical relation 

among the input and the output variables. 

Empirical, conceptual or physically based. 

Aggregated, semi‐distributed or distributed 

Cinematic or dynamic 

The relationship established among precipitation and runoff is the factor that determines the 

type of model. Deterministic models are those based on physical laws and describe internal 

processes, on the other hand, stochastic models seek for the mathematical relationship 

between precipitation and runoff not taking into account the internal processes that drive that 

relationship. 

Models can also be differentiated attending to the way state variables are treated. Event 

models reproduce situations with a relatively short simulation time step and also quite short 

periods to simulate floods. On the other hand, continuous balance models include quite large 

simulation time steps because they are used to evaluate water resources, continuously 

developing the water balance in the basin.   

Also models can be classified attending to the application of spatial information. Aggregated 

models are those that consider one unique value to describe the physiographic or climatic 

characteristics of a basin. Semi‐distributed or semi‐aggregated models are sets of aggregated 

models applied to sub‐units of the basin with the objective of including the spatial variability in 

the analysis. Distributed models are the most recently developed ones; with the support of 

geographical information systems, these models can be applied to all the points in the space 

with their particular characteristics, including spatial variability in a much more appropriate 

way. 

Empirical models 

Empirical models allow the attainment of an average water resource factor generated over a 

long period of time through a set of equations with different levels of complexity derived from 
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few average representative data from the basin. These are simple models with strong 

limitations because they do not carry out the temporal simulation of the hydrological cycle. 

Conceptual models 

These models try to represent the hydrological cycle through water balance equations and 

transference equations among different compartments. The complexity of these models 

depends on the selected temporal and spatial scale and the number of selected parameters. 

The range of available models varies from statistical models to physical models depending on 

the description of the processes. Statistical models are based on regressions between the 

hydrological response variables (infiltration, runoff or evapotranspiration) and the physical 

characteristics of the area (climate, soils, etc.). Conceptual or process‐based models describe 

in a more detailed way those processes of water transport and therefore allow a deeper 

understanding; on the other hand the quantity and quality of the required data to feed these 

models is restrictive in many cases (Grizzetti et al., 2005). The amount of data and the 

calibration requirements increase with the complexity of the model and with spatial 

resolution, for this reason, statistical models are usually preferred at big scale analysis. 

Table 11 describes briefly some of the most commonly applied hydrological and water 

resources management models, describing their advantages and limitations. 
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Table 11  Description of hydrological and water resources management models 

Type of model Description and use Comments 
(a) hydrological 
SCS curve number  
Aggregated, 
conceptual 

Runoff estimation in small agricultural 
basins. 
Evaluation of the application of new 
treatments. 

Very simple and easy to apply. 
Low number of parameters, data. 
Little applicability to areas different than 
initial application. 

HEC 
 
Sub aggregated 
Conceptual 

HEC‐HMS event model 
(precipitation ‐ runoff)   
(input for HEC‐RAS to create one‐
dimensional flooding maps)  
HEC‐ResSim – reservoir management 
model 

HEC‐HMS at the hydrological basin scale, 
event model, hydrological simulation. 
Not useful to model precipitation – runoff 
processes in small basins. 
 

Watbal 
Sub aggregated 
Physically based 

Hydrological simulation of inflows from 
precipitation data 
 

Simple computation and calibration 
Data series must be longer than 30 yrs 

HSPF ‐ Hydrological 
simulation Program‐
FORTRAN 
Sub aggregated 
Conceptual 

Hydrological simulation and sediments 
and pesticides transport.  

Advanced calibration requirements 
 

BASINS ‐ Better 
assessment Science 
Integrating point and 
non point Sources 

Quantitative and qualitative analysis of 
the river basins based on GIS  
 

Advanced calibration requirements 
 

ANSWERS 
Distributed, 
physically based, 
continuous. 

Effectiveness of agricultural good 
practices to reduce erosion, leaching 
and nitrates transport through the 
upper soil layer. 

Simulates in a continuous way with 30 
minutes time steps during rain events. 
Cannot be applied to large simulation 
periods. 

TOPMODEL 
Aggregated 
Physically ‐ based 

Soil water balance considering local 
slope of the ground 

Requires a very detailed digital elevation 
model of the area 

(b) Water resources management 
Aquatool Integrated water resources 

management tool at the river basin 
level. 
 

Integrates hydrological processes at the 
basin level with water resources 
management 
It can incorporate climate influence 
In process of developing the integration of 
economic and quality issues 

WEAP21  Integrated water resources 
management tool at the river basin 
level. 
 

Integrates hydrological processes at the 
basin level with water resources 
management 
It can incorporate climate influence 
Incorporates economic and water quality 
analysis 

SWAT  
 

Simulation of the effects of water 
management on sediments and 
nutrients 

Daily data requirements 
Not adequate for great basins simulations 
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4.3.2 Simulation models 

Simulation models try to represent and imitate real processes through some key 

characteristics or components that define the general behaviour of the system. Simulation is 

used in many contexts in order to test the influence of different factors in the functioning of a 

certain system with no need for empirical data once the model is settled up. That is why 

simulation models are especially useful in the context of water resource management, giving 

the chance to test the effects of changes in physical, environmental or management factors in 

the general behaviour of the hydrological system. In this particular case, a simulation model is 

applied in order to test the effect of drought periods on the capacity of the system to respond 

to all demands and the potential effect of a future change in average conditions. 

The adequate functioning of these models, however, is absolutely dependant on the 

availability of accurate data on the components of the model that allow the correct validation 

and calibration of the model before applying it to other systems.  

The traditional formal modelling has been based on mathematical equations that describe the 

processes and interactions of components in a system, in order to find analytical solutions to 

problems or defined scenarios based on a set of initial conditions. Computer simulation is used 

as a complement to this kind of simulation when a simple closed form of analytic solutions is 

not possible (Nicolosi, 2007). The common feature for all computer simulations is the 

possibility to reach a big amount of potential states of the system, or scenarios, that otherwise 

would be impossible to manage. 

In the field of water resources management the use of simulation models found early 

application because of the capability to incorporate dynamic processes, essential for the 

assessment of regulated hydrological system including reservoirs and other time dependant 

variables. Simulation models can be used for continuous or discrete event simulation, enabling 

the user to analyse the system in long term horizons or in short periods of time. 

Hydrological systems are complex and there are many interactions, feedbacks and constraints 

between components; in addition management decisions, like demand priority, reservoir 

operation rules, flow requirements, etc. do nothing but add more complexity to the 

understanding and representation of the system’s behaviour. This is why simulation models 
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are such a useful tool to support decision processes in this field, also counting on the 

application of other supportive analysis tools such as risk analysis, optimization models, game 

theory or stochastic generation models. 

Hydrological systems’ dynamics can be expressed by state equations based on the mass 

conservation principle and can be written as follows:  

t1tttttt1t d),s(sIqCrSS −−++= ++     for t= 1,….,T 

Where S is the stored volume at the beginning of month t, qt is the vector of inflows during the 

time stage t, Cr is the connectivity matrix of the system, It is the vector of spills, lost volumes 

due to evaporation and other losses during the time stage t and dt are the releases. 

Even if some elements of hydrological systems could be well represented by deterministic 

models, the intrinsic nature of the variables is mainly stochastic and therefore Monte Carlo 

simulations are a widely applied technique to the analysis of such systems to deal with 

uncertainty and risk assessment. These kind of simulations can be used to find solutions for 

systems that imply a large number of variables that can be represented in some mathematical 

form and are hardly solved by deterministic methods. 

Simulation modelling application is standard in most hydrological managed systems as a key 

supporting tool in decision processes for the design of reservoir operating rules or defining the 

reliability of a system to satisfy all demands under different water availability scenarios. The 

spread use of simulation models respond to the more understandable and applicable results 

offered by these models in comparison to other analysis methods. They are commonly applied 

for real decision and management processes and therefore, water managers and decision 

makers are more used to these tools. 

4.3.3 Optimization models 

 Optimization models can be used both for design and analysis of water supply systems with 

the objective of finding “best operation” strategies for a certain system. These models avoid 

the trial and error process applied generally in simulation model changing the operation mode 
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of the system based on some predefined rules and limitations in order to get to an optimal 

solution of the defined problem. 

The structure of an optimization model is based on a conceptual model that describes the 

normal functioning of the system and some constraints that lead the model to avoid 

ineffective r non‐realistic solutions; these constraints can involve physical aspects as much as 

policy options, environmental, social or economic requirements for the system. The 

performance of optimization models is evaluated through the use of objective functions such 

as minimising the unmet demand or maximising economic revenue of water users. These 

models can be applied to a wide range of time horizons, from hours in the case of specific 

events to months or years in the case of the general functioning of a certain water supply 

system. 

There are two essential components in optimization models, the objective function that 

describes the performance criteria of the system and the constraints that define the limits of 

the solutions to the problem. An optimal solution is the set of values of the decision variables 

that satisfies the constraints and provides an optimal value of the objective function.    

4.3.4 Decision support systems  

The combination of simulation models with optimization models has been increasingly applied 

in the field of water management, creating what is called “decision support systems”, trying to 

integrate both, the representation of hydrological systems with potential scenarios and the 

objectives of demand satisfaction with established priorities. Examples of these models are 

AQUATOOL (Andreu et al. 1996) or WEAP21 (Yates et al., 2005a, 2005b). 

The Aquatool model was developed by the Universidad Politécnica de Valencia and includes an 

optimization basin module, a simulation aquifer module and a utilities module. The system is 

not specific for a certain basin but it is designed to be applicable to different systems, allowing 

for representation of different hydrological system configurations through the graphic input of 

data. Aquatool is being used in Spain as support tool for decision processes in many complex 

systems (Andreu et al., 1996) 
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Some of the main possible applications and operations with Aquatool are: 

• The design a wide range of operating systems 

• The easy management of databases on hydrological and management options 

• The optimization of system’s operation 

• Graphical representation of results 

• The optimization of systems operation for a certain configuration and time horizon 

The Water Evaluation and planning model (WEAP21) will be used for the evaluation of the 

hydrological balance of water supply and demand; this model was developed and is constantly 

updated by the Stockholm Environment Institute in Boston, USA (SEI, 2005). WEAP21 is a tool 

for integrated water resource management and provides a comprehensible and flexible 

framework for the analysis of policies (Levité et al., 2003). 

The model attempts to address the gap between water management and watershed hydrology 

and the requirements that an effective IWMR be useful, easy‐to‐use, affordable, and readily 

available to the broad water resource community, allowing for evaluation of user‐developed 

scenarios that include changes in the biophysical and socioeconomic conditions of the river 

basin along a selected period of time (Yates et al., 2005a). The detail level of data required for 

the model can be selected at the user‐needs, from complete watersheds to small scale analysis 

of irrigation systems. 

Demand and supply are considered at the same level. Based on simple water balance 

accounting, WEAP21 can describe the water‐related infrastructure and institutional 

arrangements of a region in a comprehensive model‐based planning environment that can 

support water management strategies. This capability is especially useful in reducing potential 

conflicts among users in a study area through scenario‐based approaches (Yates et al., 2005b). 

WEAP21 uses a nodal structure specified for each particular case, representing its various 

supply sources (e.g., soil moisture, surface water, groundwater, desalinization plants, and 

water reuse elements); existing infrastructure for withdrawal, transmission, and wastewater 

treatment; water demands (both instream flow requirements and off‐stream consumptive 

uses), and demand‐side management; associated capital and operation and maintenance 

costs; pollution generation; and simple in‐stream water quality. 
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The user defines the management rules and the model assigns a level of water demand 

satisfaction to each of the demand groups attending to these rules; out coming allocation can 

be analysed both from the hydrological and the economical point of view. Therefore the model 

supports comparisons among different technologies and water management strategies; water 

quality can also be included. 

Nodal structures represent demands and the sources and are situated graphically to reflect the 

approximate geographical distribution of the elements. As in WATBAL, available water is 

considered as a single unit that represents the available flow. Demands have associated 

priorities; therefore some uses have supply preference over some others. Demands are 

satisfied following the order rule from the head of the river and then accumulated water. 

Demand characteristics (priority, amount or location) can be modified to evaluate changes in 

management. 

4.3.5 Integrated water resources management (IWRM) 

The use of mathematical models in water resources research or management has increased 

continuously since the 60’s (Maas et al. 1962). The reason is the need to have a tool to support 

decision making on planning, management options and the generation of new system 

regulation policies with a high level of complexity. The development of these kind of models 

also increases the understanding of the system and the quality in data records. 

Most of the river basin management models, both management or optimization models, have 

been especially developed for a certain river basin and they are rarely applicable to other 

systems. However, there are some water resources management models that have been 

developed as general tools that allow the modification of components so that they can be 

applied to different systems. Most of them are simulation models but there are also some 

optimization models (Andreu et al. 1996) 

In this multi‐disciplinary setting, successful planning requires effective Integrated Water 

Resource Management (IWRM) models that can clarify the complex issues that can arise. 

Effective IWRM models must address the two distinct systems that shape the water 

management landscape. Factors related to the biophysical system, namely climate, 

topography, land cover, surface water hydrology, groundwater hydrology, soils, water quality, 
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and ecosystems shape the availability of water and its movement through a watershed (Yates 

et al., 2005b). 

Integrated Water Resource Management (IWRM) models need to clarify the complex issues 

that can arise from different aspects of management and natural variability of climate. 

Effective IWRM models must address the two distinct systems that shape the water 

management landscape. Factors related to the biophysical system, namely climate, 

topography, land cover, surface water hydrology, groundwater hydrology, soils, water quality, 

and ecosystems shape the availability of water and its movement through a watershed. 

This type of analysis relies upon the use of hydrologic modelling tools that simulate physical 

processes such as precipitation, evapotranspiration, runoff, and infiltration where factors 

related to the management system must also be considered. These systems are then put in 

place to govern the allocation of water between competing demands, be they consumptive 

demand for agricultural or urban water supply or non‐consumptive demand for hydropower 

generation or ecosystem protection. 

The water management literature is rich with IWRM models that have tended to focus either 

on understanding how water flows through a watershed in response to hydrologic events or 

on allocating the water that becomes available in response to those events. Understanding the 

evolution of water demand satisfaction under future climate conditions requires the 

application of a water resources systems model that tracks the management of the available 

hydraulic infrastructure. 

4.3.6 Water Evaluation Assessment Program (WEAP 21)  

The Water Evaluation and Planning Version 21 (WEAP21) IWRM model attempts to address 

the gap between water management and watershed hydrology and the requirements that an 

effective IWMR be useful, easy‐to‐use, affordable, and readily available to the broad water 

resource community. WEAP21 integrates a range of physical hydrologic processes with the 

management of demands and installed infrastructure in a seamless and coherent manner. It 

allows for multiple scenario analysis, including alternative climate scenarios and changing 

anthropogenic stressors, such as land use variations, changes in municipal and industrial 

demands, alternative operating rules, points of diversion changes, etc. WEAP21’s strength is 
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addressing water planning and resource allocation problems and issues, and importantly, is 

not designed to be a detailed water operations model, which might be used to optimize 

hydropower based on hydrologic forecasts, for example. One of WEAP21’s strengths is that it 

places the demand side of the water balance equation on a par with the supply side. This 

capability is powerful in reducing potential conflicts among users in a study area through, for 

example, scenario‐based gaming approaches. 

Over the last decade, an integrated approach to water development has emerged that places 

water supply projects in the context of demand‐side issues, water quality and ecosystem 

preservation and protection. WEAP incorporates these values into a practical tool for water 

resources planning. WEAP is distinguished by its integrated approach to simulating water 

systems and by its policy orientation. 

Over the past 15 years, WEAP has been applied in many projects around the world for 

integrated water resource planning, including: 

• China: developing scenarios to support a multi‐stakeholder dialog on competing uses of 

water resources 

• Africa: addressing issues of water and development (with IWMI) 

• Mideast: establishing alternative water development and allocation scenarios in a process 

involving both Israeli and Palestinian participants 

• India and Nepal: exploring water supply and conservation options in the diverse water 

conditions in the region 

• California: evaluating effects of climate change on ecosystem services (with the US EPA) 

• Aral Sea: conducting comprehensive analysis of water accounts, and developing scenarios 

to explore a full range of options and outcomes 

Operating on the basic principle of water balance accounting, WEAP21 can address a range of 

inter‐related water issues facing municipal and agricultural systems, including multiple 

surface/groundwater sources, sectorial demand analyses, water conservation, water allocation 

priorities, conjunctive use, general reservoir operations, and financial planning. The water 

system is represented in terms of its various supply sources (e.g., soil moisture, surface water, 

groundwater, desalinization plants, and water reuse elements); related infrastructure for 

withdrawal, transmission, and wastewater treatment; water demands (both instream flow 
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requirements and off‐stream consumptive uses), and demand‐side management; associated 

capital and operation and maintenance costs; pollution generation; and simple in‐stream 

water quality. Some of the main issues that can be resolved with WEAP21 are summarised 

here:  

• Integrated water resources planning system 

• Scenario‐based analysis 

• GIS‐based graphical interface 

• User‐created variables and equations 

• Dynamic links to Excel, other models 

• Fast solution algorithms 

• Flexible data structures 

• User‐friendly interface 

• Context‐sensitive help and User Guide 

In its original formulation, WEAP was a generic water resource systems simulation model in 

which exogenous information on water supply, water demand, and water regulation was used 

to simulate how available water should be allocated under a range of scenarios. Like an 

increasing number of water resource simulation models, WEAP now uses an optimization 

routine to determine an appropriate water allocation pattern within a given model time step 

as bounded by a set of simulated constraints. 

WEAP allows the user to set priorities among different users, such as M&I users and 

agriculture, to define the preference of a particular user for a particular source, such as surface 

water or groundwater, and to constrain the transmission of water between sources and users 

based on physical and or regulatory constraints. In formulating a WEAP application, the user 

describes the multi‐objective nature of most engineered water systems. A major advantage of 

the WEAP model is that it can examine scenarios that don’t preserve the historic sequence of 

wet and dry years. Thus, WEAP can simulate conditions under different levels of drought 

persistence that might occur with climate change. 

This model is being applied in numerous settings around the world and is emerging as one of 

the most promising water‐sector decision support systems (DSS) available. For example, the 
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American Water Works Association Research Foundation (AWWARF) has adopted WEAP for 

distribution to its member agencies in the U.S. drinking water industry 
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5 Methods of the study 

5.1 The methodological framework 

The general approach adopted in this study is the integration of different sectorial models 

commonly used to evaluate either streamflow from precipitation data and water requirements 

for agriculture in order to support management decisions and policy development taking into 

account the different water uses, periods of drought and water availability constraints  and 

also future projections for climate and land use. 

Figure 16 explains the general methodological approach adopted for the study, the 

interactions between the different components considered in the study and the integration of 

all the models applied incorporating the external factors that affect models’ results. With the 

hydrological model WATBAL, streamflow and PET can be calculated for present climate and for 

different climate projections; the agricultural models CROPWAT and DSSAT are used to 

evaluate the water requirements from crops grown in the study area and the release of 

pollutants to water in the soil, these two models can also represent present conditions or can 

be applied to potential scenarios of land use change, technology advances or water availability 

variations, which is also determined by climate scenarios. 

In order to determine the differences between climate and water availability in the different 

scenarios, probability distributions are analysed to define the relationship between drought 

identification indices and water inflow values; this step is essential to understand the natural 

evolution of drought processes and define the temporal scale for the application of alternative 

management options. 

The results of the previous analyses are introduced as input data in the management model 

WEAP21, where the probability of demand satisfaction can be determined taking into account 

quantity and quality aspects. This model is also applied to evaluate the efficiency of alternative 

management options that can increase the level of demand satisfaction during periods of 
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drought or in the longer term, to avoid water crisis in case of changes in climate that lead to 

potential decreases in precipitation and increases in demands. 

The methodology of application of the different models will be further explained in this same 

chapter. 

 

Figure 16 Structure of the proposed model integration 

Figure 17 shows the sequential structure followed for the development of the study. The first 

phase is the geographical, climatic and institutional characterization of the study areas. The 

second phase is the identification of drought periods through the proposed indices, this phase 

is essential to define the temporal relationship between decreases in precipitation and impacts 

on the hydrological systems and to understand the sequences and the time laps for the 

application of management options. In the third phase, the water availability is evaluated 

applying the model WATBAL that calculates the water inflows for a hydrological system from 

precipitation and PET data, in this phase also the hydrological droughts are identified through 

the application of the RUN method; the objective of this phase is to evaluate the variation of 

frequencies and intensities of hydrological droughts in the studied systems for current and 

future climate scenarios under normal and drought conditions. The fourth phase evaluates the 

variation of water requirements of the main crops in the study area also for normal and 
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drought years under current and future climatic conditions; models CROPWAT and DSSAT are 

applied with this purpose. In the last phase of the study, all the results from previous models 

are integrated in a water management model WEAP21 in order to determine the effects of 

drought periods over the water supply capacity of the system; alternative management 

measures will be proposed and evaluated in terms of water supply guarantee for the different 

scenarios.  

 

Figure 17 Sequential structure of the study 

5.2 Research protocol and data treatment 

The selection of the appropriate protocol to characterise drought and its effects depends on 

several previous considerations and the complete process could be structured as follows:  

Selection of the drought indices. The first step in this study is to evaluate the current indices 

available and their appropriateness for use and limitations.   

Statistical characteristics. This study aims to determine the drought characteristics in the area 

of interest, including the onset, duration, and intensity of drought in two case studies at 
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different spatial scales and define the relationship between meteorological and hydrological 

droughts. 

Integrated consideration of variations of supply and demand. In this study the main focus is on 

the evaluation of water supply variations for the defined drought and climate change scenarios 

but it is also intended to evaluate the effects on water demand for agriculture, which is the 

main use of water in the selected case study areas.  

Definition of alternative management options. Several management options are proposed 

with the aim to evaluate the most effective combination and application of management 

measures to minimise the effects of drought on the analysed systems. 

Availability of data and length of the time series. These key issues are limiting factors in most 

of the studies.  

5.3 Drought characterization 

This study uses the SPI and the Precipitation Deciles for the characterization of meteorological 

drought, since the area appropriate to use in the context of rainfed agriculture and the data 

needed for their application in the two case studies is available, allowing comparison among 

the regions. The previous section revises the indices that are applied commonly in drought 

characterisation studies. The PDSI and SWSI require soil moisture and managed water storage 

volumes that were not available at the case study levels. However, other studies have found a 

correlation between SPI and PDSI values if calibrated and calculated at appropriate time 

intervals (Lloyd‐Hughes, 2002; Hayes et al. 1999).  

Precipitation deciles 

The Precipitation Deciles have been used by the National Drought Watch System in Australia 

because of the simplicity and the low amount of data needed for its calculation. On the other 

hand, one disadvantage of the decile system is that a long climatological record is needed to 

calculate the deciles accurately. (Hayes, 2002). This system identifies drought with the lowest 

10% or 20% of the precipitation occurrences and this uniformity in drought classification has 

assisted Australian authorities in determining appropriate drought responses. We selected the 
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5th percentile for the analysis of drought as the threshold for drought identification following 

the experience of the Australian Drought Watch System as shown in Table 12. 

Table 12 Classification of drought intensity according to the Australian Drought Watch System 

DECILE CLASSIFICATION 
Deciles 1‐2 
Lowest 20% 

Much below normal 

Deciles 3‐4 
Next lowest 20% 

Below normal 

Deciles 5‐6 
Middle 20% 

Near normal 

Deciles 7‐8 
Next highest 20% 

Above normal 

Deciles 9‐10 
Next highest 20% 

Much above normal 

 

By applying this method, the number of years considered as drought is predetermined. In a 

period of 40 years, for example, this threshold establishes that only 2 years out of the whole 

series will be classified as dry. For this reason it has not been the only method applied for the 

identification of droughts and comparisons will be possible among them. 

The selection of this index by the Australian government probably derives from the simplicity 

and the little amount of data required for its calculation. On the other hand there are also 

some drawbacks in the application of this index, such as the need of a long data series for the 

more precise calculation of deciles (Hayes, 2002). In this case we have selected the second 

decile as the threshold for drought identification shown in the table above.  

Standardized Precipitation Index (SPI) 

The SPI index was developed by McKee, Doesken and Kleist in 1993 and it is widely used all 

over the world for drought identification and monitoring due to its versatility and applicability 

for different purposes (Hayes et al. 1999). The SPI was designed to evaluate the deficit of 

precipitation for different time scales, and therefore reflect the possible impacts of drought on 

different water resources stocks. Precipitation deficit on a relative short time scale may affect 

soil moisture, while deficits on longer time scales may affect groundwater, streamflow or 

reservoir storage. For these reasons, McKee et al. (1993) originally calculated the SPI for 3–, 6–

,12–, 24–, and 48–month time scales.  
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The SPI is calculated using monthly precipitations. The whole time series is fitted to a 

probability distribution and then transformed into a normal distribution. This way the mean 

SPI for any location is 0, positive values indicate precipitation above the mean and negative 

values indicate precipitation below the mean. Due to this normalization of data, comparisons 

can be easily established among locations with different rainfall patterns. The SPI is defined 

through the following equation: 

SMXXSPI ii /)( −=  

Where: 

SPIi is the Standardized precipitation index in the accumulated period I; Xi is the precipitation 

for the accumulated period I; MX is the average precipitation in the accumulated period i for 

the historical series; S is the standard deviation of the average precipitation in the 

accumulated period i for the historical series 

McKee et al. (1993) used the classification system shown in the SPI values table to define 

drought intensities resulting from the SPI. McKee et al. (1993) also defined the criteria for a 

drought event for any of the time scales. A drought event occurs any time the SPI is 

continuously negative and reaches an intensity of ‐1 or less. The event ends when the SPI 

becomes positive. Each drought event, therefore, has a duration defined by its beginning and 

end, and intensity for each month that the event continues. The positive sum of the SPI for all 

the months within a drought event can be termed the drought’s “magnitude”. Table 13 

provides the SPI thresholds defined by McKee et al. (1993). 

Table 13 SPI thresholds (McKee et al. 1993) 

SPI VALUES 
2.0 Extremely wet 
1.5 to 1.99 Severely wet 
1.0 to 1.49 Moderately wet 
‐0.99 to 0.99 Near normal 
‐1.0 to ‐1.49 Moderately dry 
‐1.5 to ‐1.99 Severely dry 
‐2.0 and less Extremely dry 
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In this study the threshold selected to define drought is ‐1 following the considerations of 

previous studies in Portugal (Paulo et al., 2003). Some studies reveal the convenience of 

selecting different threshold levels depending on the geographical area of the study. The 

temporal aggregation periods selected correspond to the hydrological year (October to 

September in the two cases). The data to support this choice is presented in the section of 

results. 

RUN method 

The run method allows an objective evaluation of the statistical properties of drought at site 

and regional levels. This method is usually applied to the rainfall variable, but may be also 

applied to composed indices.  This method was proposed for this use by Yevievich in 1967. In a 

simple case, only precipitation data are needed to obtain an evaluation of drought duration, 

intensity, and frequency. These parameters are relevant to drought management plans. 

Despite of some limitations, it is recommended as one of the most efficient approaches 

because of its objectivity in identifying droughts and its suitability to assess drought 

characteristics at a regional scale (Rossi, 2003). 

According to this method droughts correspond to “negative runs”, defined as an interval 

where a selected hydrological variable remains below a chosen threshold. This threshold is the 

key aspect of the analysis and must be selected carefully on the basis of the objective of the 

study. Many times this threshold coincides with the mean of the series for the selected 

variable, but many other times a fraction of the mean or a fraction of the standard deviation 

can be chosen (Clausen et al. 1995)  

Threshold level = μ – (1*σ) 

A run can be defined by its length, its accumulated deficit and its intensity as shown in Figure 

18: 

• Duration is defined by the number of consecutive time intervals where rainfall remains 

below the critical level 

• Accumulated deficit is the total sum of consecutive deficits 

• Intensity is given by the ratio (cumulated deficit/duration) 

 



Drought and climate change impacts on water resources: management options 

 

 170 

Figure 18 shows the theory of runs applied to annual precipitation in Spain for a period of 40 

years. The threshold level selected for this example is the mean of the precipitation series and 

the runs would be represented by the non‐colored area underneath the dotted line. As shown 

by the two drought events selected, all the statistical properties explained above are different 

for the different events, duration is shorter in the first case, cumulated deficit is also lower in 

this case and therefore intensity of the first drought event is lower than in the second case. 

The importance of identifying the statistical properties of the different drought events lies on 

the possibility to make comparisons between them, evaluate trends and also make 

comparisons with other areas. 

Drought identification using the theory of RUNS
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Figure 18 Drought identification through RUN method     

5.4 WATBAL (Hydrological model) 

The WATBAL model was originally developed for Colorado Subalpine watersheds (Leaf et al., 

1973a, b). Sequentially it was modified for assessing the hydrological impact of climate change. 

The uniqueness of the WATBAL model is the use of continuous functions of relative storage to 

represent surface outflow, sub‐surface outflow, and evapo‐transpiration (Jian et al., 2007). The 

hydrological model WATBAL is based on the hydrological balance of soil water, calculating, in a 

monthly basis, all the processes that directly affect the content of soil water in the soil profile 
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(Yates, 1996; Kaczmarek, 1993). WATBAL calculates hydrological balances taking into account 

both precipitation and temperature, the main variables relevant for hydrological planning 

under climate change conditions. The model uses a set of continuous relative accumulation 

functions to represent surface and sub‐surface flow and evapotranspiration through 

differential equations. The model assumes the region is a single hydrological unit with inflows 

and outflows. The Priestley Taylor method is used for the potential evapotranspiration 

calculation (PET). The applied agricultural models in the study use the same approach. 

The following equation is used to calculate the change of water content in the soil: 

DRESEPIPS −−−−+=∆  

Where ∆S = Change in soil water content 

P = Precipitation; I = Irrigation; EP = Transpiration; ES = Evaporation from the soil; R = Surface 

flow; D = Drainage to lower layers 

Precipitation is evaporated at the rate established by the potential evapotranspiration, If air 

temperature is 0ºC or lower, potential evapotranspiration is 0 and precipitation is accumulated 

as snow, if evapotranspiration is higher than precipitation, a part of soil accumulated water is 

then evaporated. The evaporation rate of this water contained in the soil can take place at the 

rate established by the PET or a fraction of this one determined by the ET (evapotranspiration), 

depending on the relation established among the moisture content and the total field capacity 

of the soil. 

The process only acts upon the first root layers of the soil, water losses under this limit can 

only occur due to drainage. When precipitation overcomes evapotranspiration, rain water 

filters in the soil until this one reaches its field capacity and then drainage starts to lower 

levels. 

WATBAL simulates a maximum of 20 soil layers can be modelled to represent the soil profile. 

Evaporation from the soil, root absorption or the flux to a lower layer can decrease the 

content of water in a soil layer, while rainfall, snow or irrigation infiltration or the flux from a 

higher level can increase the content of water in a soil layer. 
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WATBAL model was developed for the evaluation of climate change impacts on hydrological 

balances in a hydrological basin (Yates 1996; Kaczmarek 1993). Climate change predictions 

derived from global scenarios can be applied to this model through changes in monthly 

precipitation and temperature to evaluate the potential impact of these changes on 

streamflow at the river basin level. 

In order to work with WATBAL there is a need to have access to a database that contains 

climatic data and also some data that describe the starting situation (water content in the soil, 

water accumulation as snow or field capacity of the soil). Also a historical series of maximum 

and minimum temperatures and the latitude of the area are needed. 

Direct radiation (Rb), that remains constant all along the year, and diffuse radiation (Rd) 

factors are needed for those regions with significant slopes, while in flat areas the values for 

these factors are Rb=1 and Rd=0.  

5.5 DSSAT (agricultural model) 

DSSAT model has been applied to analyse the release of nitrates in the crops of the study area. 

In both regions we have selected irrigated crops that that use a more intense fertilizers input 

and maize has been selected for the analysis with DSSAT because it is a very well known crop 

and there are many available studies for comparison and validation of results. 

The model CERES‐Maize (Jones et al. 1986) is a maize simulation model that describes the 

phenological development and growth in response to environmental factors (climate, soils and 

management). The processes that can be modelled with this tool include: phenological 

development (growing stages duration, growth of vegetative and reproductive parts of the 

plant, growth rates of leaves and stem, senescence of leaves, biomass production and 

distribution in the parts of the plant and dynamics of the root system). The model also includes 

sub‐routines to simulate the balance of water between the crop and the soil and the balance 

of nitrogen.   
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Development 

The main variable affecting the development of a plant is temperature. The thermal periods 

for each development stage can be modified through a set of coefficients that characterize the 

response of the different genotypes. The duration of the phenological phases can be calibrated 

modifying the coefficients that characterize the duration of the juvenile phase duration (P1), 

the sensitivity period (P2) and the duration of the reproductive phase (P5) 

Hydrological balance  

Precipitation is incorporated through daily data, surface water flow is a function of the soil 

characteristics and precipitation. Infiltration is the difference between precipitation and 

streamflow and percolation takes place when soil moisture is higher than the field capacity of 

the deepest soil layer. The change in soil moisture is calculated the difference of precipitation 

and evaporation, streamflow and percolation. As in the WATBAL model, evapotranspiration is 

calculated applying the Pristley – Taylor method. 

Sensitivity to carbon dioxide  

The CERES – Maize model has been modified to simulate changes in photosynthesis and 

evapotranspiration caused by higher levels of CO2. This application is especially interesting for 

the simulation of plant growth under climate change conditions and, therefore, for the analysis 

of other related aspects such as water demand or nitrates leaching to water flows. 

5.6 CROPWAT (irrigation model) 

There is a great amount of models that can be applied to obtain an evaluation of the required 

hydrological resources for a crop and to learn about other derived aspects such as nitrogen or 

phosphate release or the growing rate of the crop. 

The application of CROPWAT in this study tries to evaluate two specific aspects of agriculture 

in the Tiétar and the Alagón river basins; a) the evaluation of specified irrigation requirements 

of the main crops for the different areas of the two basins, taking into account regional 

differences of precipitation, evapotranspiration and the characterization of soils and crops and 
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b) the analysis of the impacts of drought periods on irrigation requirements in order to 

determine whether dry periods also increase water deficit for these areas or not. 

CROPWAT is a decision support system developed by the Land and Water Development 

Division of FAO. Its main functions are (FAO, 2006): 

• To calculate reference evapotranspiration, crop water requirements and crop irrigation 

requirements  

• To develop irrigation schedules under various management conditions  and schemes for 

water supply  

• To evaluate rainfed production and drought effects and the efficiency of irrigation practices 

CROPWAT is an empirical management model Developer by FAO to calculate crop water and 

irrigation requirements at the regional level based on climate and crop data (CROPWAT, 2004). 

It is much less demanding in terms of data than many other models used with the same 

objectives. Data used in this particular case have been obtained from several sources, data on 

precipitation, temperature, solar radiation and soil characteristics can be obtained from the 

information from the meteorological station of the River Basin Authorities as shown in table 

14. 

For a regional calculation of total irrigation requirements CROPWAT uses the following 

equation to design an irrigation scheme: 
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Where Q is the total irrigation demand, A are the partial and total crop areas, ET is 

evapotranspiration, and P is the effective precipitation calculated depending on climate and 

soil characteristics. 
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Table 14  CROPWAT data requirement  

Required data Frequency Source 
Precipitation Monthly Confederación hidrográfica del Tajo 
Temperature max/min  SAICA 
Sun hours  Instituto Nacional de Meteorología 
Wind speed  Instituto Nacional de Meteorología 
Relative moisture  Instituto Nacional de Meteorología 
Evapotranspiration (PM) Monthly Confederación hidrográfica del Tajo 
Soils N/A Confederación hidrográfica del Tajo 
Crop coefficients Monthly Scientific literature 

 

5.7 Water management tool (WEAP21) 

Operating on the basic principle of water balance accounting, WEAP21 is applicable to a wide 

range of analysis, from municipal and agricultural systems to single subbasins or complex river 

systems. Moreover, the model can address a number of issues, like sectorial demand analyses, 

water conservation, water rights and allocation priorities, rainfall runoff and base‐flow, 

groundwater and streamflow simulations, reservoir operations, hydropower generation, water 

quality, ecosystem requirements, and project benefit‐cost analyses. 

The user represents the system defining its various supply sources (e.g., rivers, creeks, 

groundwater, reservoirs); withdrawal, transmission links and wastewater treatment facilities; 

ecosystem requirements, water demands and pollution generation. The data structure and 

level of detail are customizable to meet the requirements of a particular analysis or limits of 

data availability. 

WEAP21 model simulations are constructed as a set of scenarios, where simulation time steps 

can be as short as one day, to weekly, to monthly, or even seasonally with a time horizon from 

as short as a single year to more than 100 years. 

WEAP consists of five main views: Schematic, Data, Results, Overviews and Notes.  

• Schematic: GIS tools for the definition of the system.  

• Data: Definition and specification of variables and relationships among them, assumptions 

and projections can be incorporated by using mathematical expressions. 
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• Results: Detailed and flexible display of model outputs, both in graphical and tabular form. 

• Overviews: Highlight key indicators. 

• Notes: Document data and assumptions. 

 

Scenario analysis is a central tool in WEAP. Scenarios are used to explore the model with a 

wide range of questions, from modification in hydrological variables to changes in land use, 

restrictions of demand or modified policies affecting the management of the system. The 

Current Accounts tool provide a snapshot of actual water demand, pollution loads, resources, 

and supplies for the system for the current or a baseline year. Scenarios are alternative sets of 

assumptions such as different operating policies, costs, and factors that affect demand such as 

demand management strategies, alternative supply sources and hydrologic assumptions, with 

changes in these data able to grow or decline at varying rates over the planning horizon of the 

study. 

5.7.1 Surface water hydrology 

A one dimensional, 2‐storage soil water accounting scheme uses empirical functions that 

describe evapotranspiration, surface runoff, sub‐surface runoff or interflow, and deep 

percolation (Yates, 1996). A watershed is first divided into sub‐catchment and then further 

divided into N fractional areas, where a water balance is computed for each fractional area. 

Climate is assumed uniform over each of these fractional areas. 

5.7.2 Demand definition 

The analysis of water management with WEAP starts with the development of watershed 

demands. Each demand is assigned a user‐defined priority given as an integer from 1 (highest 

priority) to 99 (lowest priority). Each demand is then linked to its available supply sources, with 

each supply source preference set for each demand site and also the return flow for each 

demand site is defined. The supply‐demand network is constructed and an optimization 

routine allocates available supplies to all demands. Demands are defined by the user, but 

typically include municipal and industrial demand, irrigation demands from portions of the 

watershed, and in‐stream flow requirements. 
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The hydrology module in WEAP is spatially continuous, with a study area configured as a 

contiguous set of sub‐catchments that cover the entire extent of the river basin in question. 

This continuous representation of the river basin is overlaid with a water management 

network topology of rivers, canals, reservoirs, demand centers, aquifers and other features 

(Yates et al., 2005a, b). For the evaluation of impacts of potential variations of climate 

conditions or changes in water availability, the results obtained from the application of the 

WATBAL model are used as inputs for the hydrological system. 

At each time step, WEAP first computes the hydrologic flux, which it passes to each river and 

groundwater object. The water allocation is then made for the given time step, where 

constraints related to the characteristics of reservoirs and the distribution network, 

environmental regulations, as well as the priorities and preferences assigned to points of 

demands are used to condition a linear programming optimization routine that maximizes the 

demand “satisfaction” to the greatest extent possible. 

All flows are assumed to occur instantaneously; thus a demand site can withdraw water from 

the river, consume some, and optionally return the remainder to a receiving water body in the 

same time step. As constrained by the network topology, the model can also allocate water to 

meet any specific demand in the system, without regard to travel time. Thus, the model time 

step should be at least as long as the residence time of the study area. For this reason, a 

monthly time step was adopted for this analysis. 

More importantly in the context of adaptations, WEAP allows the model user to represent 

dynamic changes in water management by programming in model parameters that vary over 

the course of a simulation. These parameter changes can be imposed as exogenous forces 

upon the model (e.g., as functions of the passage of time) or they can be expressed within the 

model as a function of the state of the system (e.g., water supply, crop yields, depth to 

groundwater). 

5.8 Definition of climate change scenarios 

The definition of climate change scenarios for this study has been derived from the Fourth 

Assessment Report published by the IPCC in 2007. In this report regional climate change 
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projections are defined for every region on Earth in Chapter 11 of the Working group I 

“Regional Climate Projections”.  

Regional averages of temperature and precipitation projections are presented from a set of 21 

global models generated from the MMD for the A1B scenario. The mean temperature and 

precipitation responses are first averaged for each model over all available realisations of the 

1980 to 1999 period from the 20th Century Climate in Coupled Models (20C3M) simulations 

and the 2080 to 2099 period of A1B. Computing the difference between these two periods, the 

report presents the minimum, maximum, median (50%), and 25 and 75% quartile values 

among the 21 models, for temperature (°C) and precipitation (%) change. In this case we have 

selected the data for the 50% of the models. 

There are two different regions specified for Europe and we have selected the Southern 

Europe Mediterranean values, where all the models agree on a decrease of precipitation and 

increase of temperature with a significant difference between winter and summer values. 

Projections for Northern Europe, however, agree on a general increase of both precipitation 

and temperature. 

Table 15 shows the projected values for temperature and precipitation for the two areas 

defined in Europe for the 50% of the applied models. There is a significant difference between 

the two regions and according to these projections for climate variables we can derive the 

impact of water inflows to the two study areas with the inflow simulation model WATBAL. 

Table 15 Regional climate change projections for North and South Europe. Source: IPCC, 2007 

Region  DJF MAM JJA SON 
North Europe.Precipitation (%) 15 12 2 8 
North Europe. Temperature (%) 4,3 3,1 2,7 2,9 
Soth Europe. Precipitation (%) ‐1 ‐8 ‐14 ‐9 
South Europe. Temperature (%) 2,6 3,2 4,1 3,3 

 

5.9 Data sources 

The use of different models requires a great amount of data that have been obtained from 

different sources, but mainly from the Confederación Hidrográfica del Tajo (CHT). Table 16 
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shows the required data for the development of the study, the sources where they come from 

and the specific variables selected for each data type. 

Table 16 Data for work development 

Data Source Variables 
Present climate CHT. Meteorological stations 

network 
Monthly precipitation. Monthly average 
temperature. 1940 to 1999 

Present climate CHT. SAIH  Maximum and minimum daily temperature. 
Daily precipitation. From year, 2000 

Geographical data CHT Contour lines 

Control networks CHT Hydrological and quality control networks 

Hydrological 
management 

CHT Model AQUATOOL Streamflow. Demand sites. Diversions. 
Reservoirs. Flow requirements 

Land use CHT Irrigated land distribution. Crop areas. 
Modified climate 
(climate change 
scenarios) 

GCM HadCM3 regionalized with 
RCM HIRHAM with 
socioeconomic scenario SRES 
A2. 

Modified average temperature. Modified 
average precipitation 

Water supply CHT Accumulated streamflow generated with the 
Sacramento model 

Soils CHT Albedo and permeability. Description of soil 
layers (texture, retention capacity, organic 
matter, nitrogen) 

 

Monthly data for the present climate are essential as input data for WATBAL in order to 

determine the streamflow from climatological data, usually a series of 30 years is the minimum 

used to characterize climate in one area, the records for these meteorological stations are 

generally more than 50 years old. 

Daily precipitation, maximum and minimum data were obtained from the recently established 

SAIH (Automatic system for hydrological information) of the Confederación hidrológica del 

Tajo. Only the two most representative and complete meteorological stations records have 

been selected. 

Contour lines also obtained from the geographical data base of the CHT are used to create 

Digital elevation models of the basins in order to understand the context of water 

management and current land use and evaluate potential alternatives in the basin. 
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All hydrological information is relevant and necessary for the adequate characterization of the 

management model where all demand sites have to be specified in a monthly basis as well as 

operation rules for reservoirs, flow requirements, streamflow diversions or any other features 

in the represented basin. 

Soil data are necessary to evaluate drainage, streamflow or evaporation, all functions included 

in WATBAL for the calculation of stremaflow from precipitation data.  

As for agricultural data also the variety of the simulated crop needs to be specified because 

each variety is described through different crop coefficients that determine the plant response 

to environmental conditions during all periods along the growing periods. 

5.10 Limitations and sources of uncertainty 

This section contains an analysis of the different sources of uncertainty of the tools, models 

and data. Although there are various sources of uncertainty surrounding the evaluation of 

impacts of basin management alternatives under drought and climate change, these relate 

more to the magnitude of projected impacts than to the direction. 

Socioeconomic projections 

The limitations for projecting socioeconomic changes not only affect the SRES scenarios but 

also the potential adaptive capacity of the system. For example, there will be uncertainties 

over future population (density, distribution, migration), gross domestic product and 

technology and these factors will determine and limit the potential adaptation strategies. 

Climate change scenarios 

Climate change scenarios are derived from GCMs driven by changes in the atmospheric 

composition that in turn are derived from socioeconomic scenarios. In all regions expected 

changes result in uncertainties with respect to the magnitude of the impacts on agriculture. 

For example, in some regions projections of rainfall, a key variable for crop production may be 

positive or negative depending on the climate scenario used. The uncertainty derived from the 

climate model is related to the limitations of current models to represent all atmospheric 
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processes and interactions of the climate system. The limitation of projecting the 

socioeconomic development pathways is an additional source of uncertainty.  

Climate variability 

Regional climates naturally fluctuate about the long‐term mean. For example, rainfall varies 

with regard to the timing and amount, affecting agriculture each year. It is clear that changes 

have occurred in the past and will continue to occur, and climate change modifies these 

variability patterns, for example resulting in more droughts and floods. Nevertheless, there are 

a lot of uncertainties, especially for future rainfall scenarios. 

Water availability 

Climate change, population dynamics, and economic development are likely to affect the 

future availability of water resources for agriculture in different regions. The demand for, and 

the supply of, water for irrigation will be influenced not only by changing hydrological regimes 

(through changes in precipitation, potential and actual evaporation, and runoff at the 

watershed and river basin scales), but by concomitant increases in future competition for 

water with non‐agricultural users due to population and economic growth.  

Effect of CO2 on crops 

The assimilation of atmospheric CO2 by photosynthesis is required for biomass production. The 

opening of plant stomata is regulated by the concentration of CO2 and therefore atmospheric 

CO2 concentrations affect plant transpiration. As result, in theory, plants growing in increased 

CO2 conditions will produce more biomass and consume less water. Experiments under 

controlled conditions confirm this effect. Nevertheless, due to the interactions of physiological 

processes, increases in biomass accumulation tend to be smaller than those theoretically 

possible. In field conditions, the increases are even smaller. Most of the crop models used for 

climate change evaluations include an option to simulate the effects of CO2 increase on crop 

yield and water use (see Rosenzweig et al., 2001). It is difficult to validate the crop model 

results since there are only a very limited number of these experiments worldwide, hence the 

uncertainty in the model outputs. 
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Agricultural models 

The agricultural models contain many simple, empirically‐derived relationships that do not 

completely represent actual plant processes. When models are adequately tested against 

observed data (calibration and validation process), the results reproduce agricultural output 

under current climate conditions. Nevertheless, the simplifications of the crop models are a 

source of uncertainty of the results. For example, agricultural models in general assume that 

weeds, diseases, and insect pests are controlled; there are no problem soil conditions such as 

high salinity or acidity; and there are no catastrophic weather events such as heavy storms. 

The agricultural models simulate the current range of agricultural technologies available 

around the world; they do not include potential improvements in such technology, but may be 

used to test the effects of some potential improvements, such as improved varieties and 

irrigation schedules. Provided that the limitations are carefully evaluated, a range of 

agricultural models are used widely by scientists, technical extension services, commercial 

farmers, and resource managers to evaluate agricultural alternatives in a given location under 

different conditions (i.e., drought years, changes in policy for application of agro‐chemicals, 

changes in water input, among others). 

The Impacts of temperature on soil carbon fluxes and loss of soil organic matter 

The results reported by Bellamy et al., (2005) of a decrease in UK soil carbon stocks between 

1980 and 1996, raise concerns that increasing temperatures across the EU region will lead to 

significant decreases in soil organic matter (SOM) and hence soil structure and fertility. 

However, Bellamy et al., (2005) reported that significant losses of carbon were from soils 

containing > 5.0 C org. The majority of soils in long‐term arable use will contain less than 5.0% 

C org. Hence, while the decreases in C org reported are disturbing, in that they provide 

evidence of a positive feedback mechanism which may exacerbate climate change, the results 

do not suggest there will be a significant impairment of agricultural soils. 

There is, however, another aspect of soil sustainability that needs to be addressed. While 

climate change has the potential to increase cereal yields in Scandinavia and the Eastern Baltic, 

the preponderance of leached sandy soils in those regions make it unlikely that, without 

greatly improved varieties or husbandry, yields comparable to those currently reported from 

the main cereal growing areas of Europe can be achieved. This project is not tasked with 
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carrying out an appraisal of soil suitability across EU, but such a study could usefully be carried 

out to further assess the extent to which the potential for adaptation may be limited by 

differences in inherent soil characteristics across the EU. 

Thresholds and unexpected risks 

Risk can be evaluated when the probability of occurrence of an event is known, but in impact 

evaluation, the associated probabilities to a particular scenario are generally not known. 

Therefore, the inclusion of uncertainty (i.e., when the event is known but the probabilities that 

will occur are not known) into climate change impact methods is very important and recent 

studies are now beginning to include explicit methods to deal with it. Earlier studies have often 

used best estimate scenarios that represent the mid‐point of predictions. The inclusion of a 

range of scenarios representing upper and lower bounds of the predicted effects is more 

realistic and allows for the propagation of uncertainty throughout a model system. Further, 

probability distributions of different events may be defined, with contrasts between the low 

probability of catastrophic events and the greater probability of gradual changes in climate. 
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6 Data analysis  

6.1 Geo‐climatic characterization  

6.1.1 Discharge distribution 

The Tagus is the longest river in the Iberian Peninsula and the third in total area and total 

discharge behind the River Ebro and the River Duero. It is located in the centre of the 

Peninsula (Figure 19) running from East (Spain) to West (Portugal). The total population in the 

basin is more than 9 million people from 7 different administrative regions in Spain, including 

Madrid that is the most populated city in Spain. Due to this reason and the contributor 

character to other basins, the level of regulation is very high compared to other basins in the 

country. 
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Figure 19 Situation of the Tagus basin in Spain 



Drought and climate change impacts on water resources: management options 

 

 186 

The Spanish part of the Tagus basin is divided in 14 hydrological zones or sub‐basins that 

determine the natural borders of the Tagus tributaries’ basins. As shown in Figure 20 there is 

an important difference among maximum, average and minimum recorded discharge for each 

of these areas.  

Table 17 summarizes the area and average discharge for all these sub‐basins. Due to the high 

complexity of the complete system, including transboundary agreements, water transfers to 

other basins, the supply system of Madrid and the high level of regulation, only two of these 

sub‐basins have been selected for the development of this study; the Alagón and the Tiétar. As 

shown in the table these two are the ones with higher average discharge. 

 

Figure 20 Sub‐basins in the Tagus basin. Source CHT, 2006 
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Table 17  Sub‐basins in the Tagus basin: area and average discharge.  Source CHT, 2006 

ZONES Area 
(Km2) 

Average 
discharge per 
zonehm3) 

Zone 01 ‐Tajo Alto 7.417,84 1.200 
Zone 02 ‐Tajo entre Bolarque y Aranjuez 2.780,93 120 
Zone 03 ‐Tajuña 2.607,82 156 
Zone 04 ‐Henares 4.136,13 513 
Zone 05 ‐Jarama 4.801,95 998 
Zone 06 ‐Guadarrama 1.708,81 152 
Zone 07 ‐Alberche 4.108,81 801 
Zone 08 ‐Margen izquierda en Tajo Medio 7.590,41 616 
Zone 09 ‐Tiétar 4.459,10 2.005 
Zone 10 ‐Alagón 4.405,72 1.711 
Zone 11 ‐Árrago 1.019,58 437 
Zone 12 ‐Tajo Bajo y Erjas 5.948,73 1.533 
Zone 13 ‐Almonte 2.463,15 554 
Tajo River Basin  12.229 
Tajo River Basin in Spain  11.235 

 

6.1.2 Characterization of the Alagón and the Tiétar sub‐basins 

Water resources in the Tagus basin are characterized by a high spatial and temporal variability. 

Average precipitation in the basin is around 655 mm in the period 1960‐2000 (Table 18). Figure 

21 shows the variability of average precipitations along the basin, from values close to 0 mm in 

the South to nearly 3000 mm from the Sierra de Gredos in the central sector of the basin; 

areas with high precipitations generally correspond to mountain areas. Table 18 describes 

some of the general characteristics of the basin comparing the Spanish part with the total 

basin including Portugal. The area in Spain is nearly 70% of the total area and total population 

is higher than 60%, storage capacity however, reaches up to more than 80%. 
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Figure 21 Spatial distribution of average precipitation in the Tagus basin. Source: CHT, 2006 

Table 18 General characteristics of the Tagus basin. Source: CHT 

DATA UNITS TAJO SPAIN   TAJO TOTAL   %   
Area Km2 55.810 80.600 69,24 
Population  inhabitants 6.094 9.500 64,15 
Average precipitation   mm 655 684 95,76 
Water resources in natural regime hm3 12.230 17.730 68.98 
Reservoir capacity hm3 12.000 14.500 82,76 
Sub surface runoff hm3 1.565        
Groundwater reservoirs hm3 4.700        

 

The Tiétar and the Alagón are adjacent sub‐basins of the Tagus located on the right shore of 

the river and summing up nearly one third of the total average discharge of the Tagus (Table 

19). The areas have been selected due to the comparison opportunities they offer; even if 

physical aspects are similar, water use and water management are very different, providing an 

adequate scene to evaluate the efficiency of different management options. 

Table 19 shows some of the characteristics that differentiate the two selected basins. Both the 

area and the average discharge are quite similar but management and use are quite different, 

while in the Alagón the total regulation capacity is much higher than the total consumptive 

demand, the system in the Tiétar can regulate less than half of the total consumptive demand, 

creating serious problems of supply for the irrigated areas and the population in the basin. 



Data analysis 

 

 
189

Table 19  General characteristics of the Tagus basin. Source: CHT 

 Tiétar Alagón 
Area (Km2) 4,460 4,406 
Average discharge/area (hm3) 2,005 1,711 
Main crops (% irrigated area)   
Maize 5.17 16.32 
Fodder crops 16.67 35.23 
Tobacco 26.58 2.66 
Fruit trees 1.13 11.29 
Other 50.45 34.5 
Regulation capacity (hm3) 114 1102 
Consumptive demand  285 479 
Demand/Regulation capacity (%) 250 43 

 

All measures planned related to the construction of new infrastructure for regulation or 

increasing regulation volume of already existing dams have faced severe social confrontation 

that have stopped such initiatives. 

Figures 22 and 23 show the digital elevation models for both basins elaborated from the 

contour lines maps provided by the CHT. This kind of maps are especially useful for the 

geographical characterization of a basin and the contextualization of meteorological and 

hydrological data. In both basins the heads of the rivers are in an elevated area with 

complicated topography where the highest precipitation and the lowest evapotranspiration 

values are recorded. There are generally not big or important irrigation systems in these 

mountain areas, however, in the Jerte valley, East of the Alagón basin there is an important 

extension of tree crops, mainly almonds. In both basins the medium and lower courses of the 

rivers run through much more flat areas with large areas suitable for irrigation.  
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Figure  22 Digital elevation model (DEM) of the Alagón basin. Elaborated with data from CHT, 2003 

 

Figure  23 Digital elevation model (DEM) of the Tiétar basin. Elaborated with data from CHT, 2003 

The climate of both areas can be explained through the data recorded by the meteorological 

stations situated within the limits of the basins and presented in table 20. 



Data analysis 

 

 
191

Table 20 Meteorological stations in the Tiétar and Alagón 

Meteorological stations Tiétar Meteorological stations Alagón 
3408 Arenas de San Pedro 3484 Valero de la Sierra 
3416 Candeleda 3489 Villanueva del Conde 
3426 Talayuela (La Barquilla) 3504 Hervas 
3439 Barrado 3502 Gabriel y Galán 
 3510 Valdeobispo (dam) 
 3525 Coria 

 

Figures 24 and 25 show the spatial distribution of precipitation in both basins, there is a clear 

pattern in the distribution of precipitations, finding the highest ones over the mountainous 

areas while the lowest precipitations are recorded over the medium and low courses of the 

rivers. The following maps have been produced from precipitation data from the 

meteorological stations owned by the Tajo RBA by interpolation of annual precipitation. The 

appearance of very differentiated point responds to the little number of meteorological 

stations in the area. 

 

 

Figure  24 Spatial distribution of precipitation in the  Tiétar basin. From data provided by CHT, 2003 
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Figure  25 Spatial distribution of precipitation in the  Alagón basin. From data provided by CHT, 2003 

Climatic characterization can also be done through comparison of the annual climographs for 

each of the meteorological stations (Figure 26). In both cases the difference of average 

precipitation and evapotranspiration is clear for the heads and the lower courses of the rivers. 
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Figure 26 Climographs for the meteorological stations in the Tiétar (left) and the Alagón (right). The 

blue line represents precipitation (scale on the left axis) and the red line represents 

evapotranspiration (scale on the right axis).  
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6.1.3 Demand quantification 

Urban demand in the Tajo River basin takes an important role, as the metropolitan area of 

Madrid is included in the basin. There are more than 6 million people in the Spanish 

component of the basin distributed in 1006 municipalities that belong to 9 different provinces 

that are eligible to manage domestic supply. The two sub basins selected for the study do not 

include Madrid, but even if urban supply is not the main use of water, it is highly protected as 

first priority demand in case of water rationing. 

The main use of water in the Alagón and the Tiétar is agriculture. The irrigated areas of both 

basins are managed by their own irrigators’ communities composed by land owners, irrigators 

and other users who have the right to take water directly from the river to the farms or from 

channels. Table 21 shows the different irrigators’ communities in each basin and the irrigation 

area in each of them 

 Table 21 Irrigators’ communities in the Tiétar and the Alagón. Source: CHT, 2003 

Irrigators’ communities in  Tiétar Irrigated area Irrigators’ communities in   Alagón Irrigated area 
Alto Tiétar Riegos del Ambroz 
La Vera (Madrigal – Candelada) ZR del Gabriel y Galán 
El Rosarito (M. I. Del pantano de 
Rosarito) 

ZR Calzadilla Guiko de Coria 

La Vera (Jaraiz – Jarandilla) Jerte 
Bajo Tiétar  
Peraleda de la Mata  
Valdecañas 

42.333 ha 

 

49.898 ha 

 

Figure 27 shows the distribution of the main irrigated crops in the two basins. The Tiétar basin 

is characterized by an important area devoted to tobacco (mainly in the irrigated area of 

Rosarito) while in the Alagón the largest area is occupied by fodder, maize and fruit trees 

(mainly in the Jerte valley). This distribution difference can be of interest when planning 

potential climate change and land use scenarios.  
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Figure 27 Irrigated crops in the Tiétar and the Alagón basins. From data provided by CHT, 2003 

6.1.4 Resources and pressures 

Table 22 shows the main characteristics of the two systems related to management. These 

simple alternative management options were selected taking into account the biophysical and 

social aspects of the Tagus river basin and the operational rules documented historically by the 

Tagus River Basin Authority (CHT, 2003). 

Table 22  Resources and pressures of the Tiétar and the Alagón river basins 

 Tiétar Alagón 
Consumption/Regulation 250% 43% 
Potential sources Transfers from other basins Transfer from other basins 
Decision making process Seasonal Inter‐annual 
Anticipation capacity Shorter than one year Longer than one year 
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7 Linking indicators to management options 

7.1 Scales of analysis: Calendar and hydrological years 

Drought characterization is a process that needs a set of previous decisions in order to identify 

the adequate scale of analysis and the statistical properties that describe the distribution of 

precipitation. This section is a general description and comparison of precipitation in the two 

areas of study through temporal analysis and comparisons derived from the historical series.  

Precipitation in Spain is characterized by large year to year fluctuations typical of the 

Mediterranean climate (Bolle, 2003),average precipitation in Spain is around 625 mm/year. 

Figure 28 shows the time series of aggregated annual precipitation in Spain calculated for the 

natural (January to December) and hydrological (October to September) years. It is clearly 

appreciated that distribution of droughts in time changes significantly depending on the 

aggregation period selected and years that could be identified as normal based on the analysis 

of natural years precipitation, are indeed identified as drought episodes when working with 

hydrological years precipitation. Drought episodes in Spain have become more frequent during 

the last two decades (Skees at al, 2001) but attending to Figure 28 the years with lower 

precipitation levels depend on the aggregation period selected.  

In this study the analysis of precipitations and the later correlations with agricultural issues is 

developed using the annual hydrological precipitation (October – September) since it 

represents the rainfall availability relevant for agricultural and hydrological planning, 

responding to the natural behaviour of hydrological systems. Considering the relation held 

between precipitation data and natural systems behaviour this decision permits a better 

interpretation of the results.  

 



Drought and climate change impacts on water resources: management options 

 

 198 

Distribution of annual precipitation for natural and hydrological 
years in Spain
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Figure 28 Distribution of annual precipitation for natural and hydrological years in Spain 

7.2 Defining the aggregation scale 

All definitions of drought are determined as departures from perceived “normal” conditions 

and the definition of what constitutes normality is not absolute itself since it depends on the 

range of variability that has occurred during the period of record used to determine that 

normality. Most climatic records cover no more than the last 100‐150 years, so that definitions 

of extreme events have been derived in the context of this period’s climate variability 

(Lindesay, 2005).The period selected for the analysis is therefore of high importance.  

Figure 29 shows the difference in average precipitation for different time periods in Spain. 

Most of the indices used to characterize drought are calculated based on the average 

precipitation of the historical series, therefore changes in this value can lead to significant 

variations in the definition of drought periods. In Spain, at the national level, there is an 

evident difference between the two periods changing from 612 mm in the long period to 625 

in the shorter one. 
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Average precipitation for different time periods in Spain
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Figure 29 Average precipitation for different time periods in Spain 

The trend of the precipitation series also varies depending on the period selected and acts as 

an important indicator of the evolution of water resources (Figure 30). In this case, 

precipitation series show contrasting trends for the two periods of analysis selected, with a 

slightly ascending trend for the period covering the whole century but a significantly 

descending trend if only the last 40 years of the series are taken into account. 

Water managers generally take these tendencies into account when designing forecasts for 

the following years, in this case, using the long term tendency, an increase in precipitation 

would generally be accepted with a higher probability than a decrease for the following years 

due to the slightly ascending trend of the series, on the other hand, the forecast would be the 

opposite when using the tendency of the last 40 years of the series (the descending light blue 

line) and a decrease in precipitation would be accepted with a higher probability. 
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Precipitation tendencies for different time periods in Spain
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Figure 30 Precipitation tendencies for different time periods in Spain 

7.3 Accumulated precipitation differences 

 
Accumulated precipitation differences is a tool commonly used among water managers to 

understand the evolution of water resources and the possible impacts of extreme events on 

hydrological systems with longer reaction periods such as aquifers or reservoirs. The 

accumulated differences allow us to determine whether we are in a period of descending 

precipitations or an ascending one. Figure 31 shows the calculation of accumulated differences 

from the mean for Spanish annual precipitation; as shown in the previous figure the tendency 

of the last years appears negative. 



Linking indicators to management options 

 

 
201

Accumulated differences from the mean for different time periods in 
Spain
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Figure 31 Accumulated differences from the mean for different time periods in Spain 

Derived from the important differences found through this characterization of precipitation 

and from water management traditional methodology for the analysis of meteorological data, 

this study will make use of aggregated precipitation from October to September (hydrological 

years) and will focus on the period from 1960 to, 2000 for the analysis of precipitation and 

characterization of drought as this is the period most commonly used by water managers for 

their analysis.  

7.4 Indicators relevant for agricultural management 

Both the characterization of droughts and the impact assessment are based on two different 

scales of precipitation aggregation, annual precipitation on the one hand and spring 

precipitation on the other hand. It is interesting to note how, depending on the aggregation 

period selected, identified drought periods do rarely coincide as will be shown in the end of 

this chapter. Spring precipitation is essential because it contributes largely to the total annual 

precipitation along with winter precipitation (Figure 32), it is more variable than annual 

precipitation and from the agricultural point of view, spring precipitation is crucial for crop 

development in dryland areas (López‐Bellido, 1991). Furthermore, spring precipitation has 

some correlation with large‐scale atmospheric phenomena in some medterranean countries 
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(i.e., El Nino and NAO), offering a chance for scientific advancement in seasonal climate 

prediction (Cane, 2000a,b).  

Spring precipitation is determinant for agricultural production and it is very different from 

region to region. Figure 32 shows the average monthly precipitation over the 1961‐2000 study 

period in Spain. Spring precipitation in Spain is understood as the accumulated precipitation 

during March and April, as these are the months that hold a higher correlation with wheat 

yield in the country (Moneo, 2005) and also act as large contributors to annual precipitation.  

Precipitation in Spain  (1961-2000)
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Figure 32 Average monthly precipitation in Spain with standard deviations 

Table 23 shows the differences in the statistical properties of annual and spring precipitation 

at the national level. As a general observation the average values for spring and annual 

precipitation are proportional to the corresponding time in the year, however looking at the 

coefficient of variation it is two times higher for spring precipitation than for annual 

precipitation.  
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Table 23 Statistical properties of annual and spring precipitation in Spain 

Spain 
 Precip AM Precip O‐S 
Average 117,32 627,15 
St. dev 30,68 84,02 
C. variation 0,26 0,13 
Variance 917,8 6912 
Skewness 0,4819 0,3448 
Kurtosis 3,7088 1,9051 
Minimum 59,5 503,5 
Maximum 209,6 795 
Left X 66,8 512 
Right X 167,8 765,1 

 
The description and analysis of distributions is an interesting way of evaluating the statistical 

properties of precipitation and the probability of drought occurrence. Table 23 and figure 33 

show the distributions that get the best fit for the observed data of spring and annual 

precipitation obtained with @Risk and the most common statistical characteristics. 

Apart from the differences in mean and variability, all distributions have a relative positive 

skewness, meaning that given a maximum and a minimum value for precipitation, low levels 

are more common than higher ones.  

Kurtosis gives an idea of the frequencies reached by the different values of the variable, in 

order to evaluate the concentration of values in the center and the tails of the distribution and 

compare it with a normal distribution. Spring precipitation in Spain shows values of Kurtosis 

higher than 3, what indicates a more sharpened distribution than normal, on the other hand, 

annual precipitation in Spain holds much lower values of kurtosis. 

The left and right “x values” are also indicators of variance, representing the extreme values 

that have a 5% probability of occurrence, in figure 33 these values are marked with a grey 

vertical line, the values between those two lines represent the 90% of the observed data. 
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Figure 33 Precipitation distributions in Spain for annual and spring precipitation 

Figure 34 shows the correlation between annual and spring precipitation, not showing in any 

case significant correlations between the two series, what may bring different conclusions in 

the evaluation of drought impacts on water resources management.  

Spain shows a decreasing trend for annual precipitation along the historical series while it 

holds an increasing trend for spring precipitation; this is very much influenced by the aspects 

mentioned above about the selected time series length and aggregation periods for 

precipitation series. Spring precipitation holds the highest correlation with crop yields, 

therefore despite the general decrease in annual precipitation the crucial period for crops has 

an increasing tendency and this may lead to controversial conclusions when analyzing drought 

impacts in Mediterranean areas (Moneo, 2005). 

AM precipitation and O-S precipitation in Spain
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Figure 34 Annual precipitation and February and March precipitation in Spain 
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8 Drought indicators and thresholds 

8.1.1 Precipitation variability 

The analysis and characterization of drought periods in a river basin must be preceded by a 

description of the variability of precipitation. Figure 35 shows the historical series of monthly 

precipitation for the meteorological stations of the two basins. The average values, standard 

deviation and variability coefficients are summarised in table 24. 

In both cases average precipitations are higher in the stations located in the upper sections of 

either rivers or their main tributaries. In the Tiétar basin, average precipitation is higher in 

Arenas de San Pedro, located in the Sierra de Gredos and in Barrado, also in the mountainous 

area on the right shore of the river. There is also a slight trend of decreasing variability 

coefficients of average precipitation values from the top to the end of the river; this trend is 

more significant when analysing monthly precipitations.  

Table 24 Variability of annual precipitation in the Tiétar and Alagón basins 

Tiétar Alagón 
Station  Average Std. Dev Var. Coef Station  Average Std. Dev Var. Coef 
3408 1345.04 453.43 0.34 3484 1032.35 321.64 0.31 
3416 1015.49 326.81 0.32 3504 1043.64 325.32 0.31 
3426 873.63 277.62 0.32 3525o 629.61 186.27 0.30 
3439 1213.72 332.62 0.27     

 



Drought and climate change impacts on water resources: management options 

 

 206 

 

Figure 35 Precipitation recorded in the meteorological stations 

8.1.2 Drought threshold indicators 

Drought events have been analyzed through the indices described in the methodology. 

Applying the Standardized Precipitation Index (SPI) and the deciles method to the historical 

series of monthly precipitation we can characterize meteorological drought like in previous 

scientific studies on drought (Wilhite et al., 2005). The second step is to analyse the deficit 
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periods from the hydrological point of view; the RUN method is applied to characterize 

hydrological drought events. These two kind of droughts have different reaction and evolution 

periods and therefore they derive in different impacts. Meteorological drought is generally 

responsible for agricultural production losses, mainly in rainfed crops because irrigated crops 

generally depend on regulated systems that can avoid the impacts of a low precipitation 

period using the stored water as long as the persistent drought does not decrease the stock 

level or the capacity of the system to supply all demands (Wilhite, 2000, Garrote et al., 2007).  

Standardized precipitation index (SPI) 

Figure 36 shows the results of the SPI calculation for accumulated precipitations every 12 

months for every meteorological station; the selection of the accumulation period responded 

to the fact that summer periods are always significantly drier than winters and therefore the 

SPI always classifies them as drought events when working with shorter accumulation periods. 

The threshold level for drought identification has been set to ‐1 following the conclusions of 

previous studies about drought identification in the Iberian Peninsula (Paulo et al., 2003), this 

means that those years that present precipitation values below the average precipitation 

minus one standard deviation are the ones identified as drought years. 

In both basins the upper stations show less coincident drought events with the rest of the 

basin, confirming the climatic differences between the mountainous and the flat areas. 

Drought periods characterized in the rest of the basin are more similar. 

All stations show a similar historical trend, a period of high frequency of droughts followed by 

some years of generally high precipitations and then another period of decreased precipitation 

during the 90s. 
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Figrue 36 Drought identification (SPI) 

Some studies suggest that the application of SPI to the Mediterranean area might not be 

adequate due to the non‐normal distribution of precipitations in this area; for this reason, 

drought characterization has also been carried out applying other methods.  
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Deciles 

Figure 37 shows the characterization of drought events for the same stations but applying the 

deciles method. In this case the second decile has been selected as the threshold for drought 

identification. As done with the SPI, this method has also been applied to accumulated annual 

precipitation for the hydrological year for the same reason as in the previous analysis, to 

ensure the identification of really dry years and to establish comparisons among indices.  
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Figure 37 Drought identification (Deciles) 
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Comparison of indicators 

Results for drought identification are more easily interpreted looking at table 25. This table 

represents all the years in the historical series and the different indices for drought 

identification for the two basins. The years colored in orange are the ones that have been 

identified as drought years  

Even if there are some differences between the two regions and also between meteorological 

stations in the same basin, there are also clearly defined dry years that are identified as such 

by all the indices. There is an important dry period in 1944 and also between 1948 and 1949, in 

1953 and 1972 and later, some other drought periods more familiar because they are closer 

and more documented in the specialized literature (Flores et al., 2003) such as 1981 or the 

beginning of the 90s.  
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Table 25  Comparison between meteorological and hydrological identified drought events 

 
3408 3408 3416 3416 3426 3426 3439 3439 3484 3484 3504 3504 3525o 3525o

SPI Deciles SPI Deciles SPI Deciles SPI Deciles RUN SPI Deciles SPI Deciles SPI Deciles RUN
1941 1941 1941 1941 1941 1941 1941 1941 1941 1941 1941 1941 1941 1941 1941 1941
1942 1942 1942 1942 1942 1942 1942 1942 1942 1942 1942 1942 1942 1942 1942 1942
1943 1943 1943 1943 1943 1943 1943 1943 1943 1943 1943 1943 1943 1943 1943 1943
1944 1944 1944 1944 1944 1944 1944 1944 1944 1944 1944 1944 1944 1944 1944 1944
1945 1945 1945 1945 1945 1945 1945 1945 1945 1945 1945 1945 1945 1945 1945 1945
1946 1946 1946 1946 1946 1946 1946 1946 1946 1946 1946 1946 1946 1946 1946 1946
1947 1947 1947 1947 1947 1947 1947 1947 1947 1947 1947 1947 1947 1947 1947 1947
1948 1948 1948 1948 1948 1948 1948 1948 1948 1948 1948 1948 1948 1948 1948 1948
1949 1949 1949 1949 1949 1949 1949 1949 1949 1949 1949 1949 1949 1949 1949 1949
1950 1950 1950 1950 1950 1950 1950 1950 1950 1950 1950 1950 1950 1950 1950 1950
1951 1951 1951 1951 1951 1951 1951 1951 1951 1951 1951 1951 1951 1951 1951 1951
1952 1952 1952 1952 1952 1952 1952 1952 1952 1952 1952 1952 1952 1952 1952 1952
1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953
1954 1954 1954 1954 1954 1954 1954 1954 1954 1954 1954 1954 1954 1954 1954 1954
1955 1955 1955 1955 1955 1955 1955 1955 1955 1955 1955 1955 1955 1955 1955 1955
1956 1956 1956 1956 1956 1956 1956 1956 1956 1956 1956 1956 1956 1956 1956 1956
1957 1957 1957 1957 1957 1957 1957 1957 1957 1957 1957 1957 1957 1957 1957 1957
1958 1958 1958 1958 1958 1958 1958 1958 1958 1958 1958 1958 1958 1958 1958 1958
1959 1959 1959 1959 1959 1959 1959 1959 1959 1959 1959 1959 1959 1959 1959 1959
1960 1960 1960 1960 1960 1960 1960 1960 1960 1960 1960 1960 1960 1960 1960 1960
1961 1961 1961 1961 1961 1961 1961 1961 1961 1961 1961 1961 1961 1961 1961 1961
1962 1962 1962 1962 1962 1962 1962 1962 1962 1962 1962 1962 1962 1962 1962 1962
1963 1963 1963 1963 1963 1963 1963 1963 1963 1963 1963 1963 1963 1963 1963 1963
1964 1964 1964 1964 1964 1964 1964 1964 1964 1964 1964 1964 1964 1964 1964 1964
1965 1965 1965 1965 1965 1965 1965 1965 1965 1965 1965 1965 1965 1965 1965 1965
1966 1966 1966 1966 1966 1966 1966 1966 1966 1966 1966 1966 1966 1966 1966 1966
1967 1967 1967 1967 1967 1967 1967 1967 1967 1967 1967 1967 1967 1967 1967 1967
1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968
1969 1969 1969 1969 1969 1969 1969 1969 1969 1969 1969 1969 1969 1969 1969 1969
1970 1970 1970 1970 1970 1970 1970 1970 1970 1970 1970 1970 1970 1970 1970 1970
1971 1971 1971 1971 1971 1971 1971 1971 1971 1971 1971 1971 1971 1971 1971 1971
1972 1972 1972 1972 1972 1972 1972 1972 1972 1972 1972 1972 1972 1972 1972 1972
1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973
1974 1974 1974 1974 1974 1974 1974 1974 1974 1974 1974 1974 1974 1974 1974 1974
1975 1975 1975 1975 1975 1975 1975 1975 1975 1975 1975 1975 1975 1975 1975 1975
1976 1976 1976 1976 1976 1976 1976 1976 1976 1976 1976 1976 1976 1976 1976 1976
1977 1977 1977 1977 1977 1977 1977 1977 1977 1977 1977 1977 1977 1977 1977 1977
1978 1978 1978 1978 1978 1978 1978 1978 1978 1978 1978 1978 1978 1978 1978 1978
1979 1979 1979 1979 1979 1979 1979 1979 1979 1979 1979 1979 1979 1979 1979 1979
1980 1980 1980 1980 1980 1980 1980 1980 1980 1980 1980 1980 1980 1980 1980 1980
1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981
1982 1982 1982 1982 1982 1982 1982 1982 1982 1982 1982 1982 1982 1982 1982 1982
1983 1983 1983 1983 1983 1983 1983 1983 1983 1983 1983 1983 1983 1983 1983 1983
1984 1984 1984 1984 1984 1984 1984 1984 1984 1984 1984 1984 1984 1984 1984 1984
1985 1985 1985 1985 1985 1985 1985 1985 1985 1985 1985 1985 1985 1985 1985 1985
1986 1986 1986 1986 1986 1986 1986 1986 1986 1986 1986 1986 1986 1986 1986 1986
1987 1987 1987 1987 1987 1987 1987 1987 1987 1987 1987 1987 1987 1987 1987 1987
1988 1988 1988 1988 1988 1988 1988 1988 1988 1988 1988 1988 1988 1988 1988 1988
1989 1989 1989 1989 1989 1989 1989 1989 1989 1989 1989 1989 1989 1989 1989 1989
1990 1990 1990 1990 1990 1990 1990 1990 1990 1990 1990 1990 1990 1990 1990 1990
1991 1991 1991 1991 1991 1991 1991 1991 1991 1991 1991 1991 1991 1991 1991 1991
1992 1992 1992 1992 1992 1992 1992 1992 1992 1992 1992 1992 1992 1992 1992 1992
1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993
1994 1994 1994 1994 1994 1994 1994 1994 1994 1994 1994 1994 1994 1994
1995 1995 1995 1995 1995 1995 1995 1995 1995 1995 1995 1995 1995 1995
1996 1996 1996 1996 1996 1996 1996 1996 1996 1996 1996 1996 1996 1996
1997 1997 1997 1997 1997 1997 1997 1997 1997 1997 1997 1997 1997 1997
1998 1998 1998 1998 1998 1998 1998 1998 1998 1998 1998 1998 1998 1998
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Identification of drought periods at the national level 

The identification of drought by analysis precipitation, the SPI, or applying the Run method, 

does not lead to uniform classification of drought years. Table 26 indicates the drought 

episodes characterised by each method in Spain respectively, and the comparison with the 

drought years in the International Disasters Database (CRED, 2005). The left column of the 

table represents the droughts identified using annual precipitation and the right side the 

droughts for spring precipitation. The central column of the table represents the droughts 

registered by CRED following a series of requirements about the impacts that must have been 

observed in order to declare the drought situation; On the other hand, the declaration of 

drought through the above applied methods is strictly based on meteorological data. 

The comparison between tables 25 and 26 shows little coincidence in the identification of 

drought periods, except for the most significant ones. These differences in identification reveal 

the importance of selecting the adequate geographical scale for drought analysis. 

The interest of using this drought comparison record lies on the identification methods. While 

this study is based on the identification of droughts through the use of meteorological indices, 

the CRED uses drought impacts for the characterization, the comparison of identified dry 

periods by both ways leads to interesting conclusions related to the adequate attribution of 

impacts to drought events and it is also interesting to evaluate the possible temporal relation 

between meteorological identification of drought and the detection of impacts. Also drought 

identified through different and more elaborated indices in the European project ARIDE are 

compared to the results derived from the drought characterization section for the case of 

Spain (ARIDE, 2001). 

As shown in Table 26 we can conclude that the RUN method and the SPI identify a high 

amount of the droughts registered by CRED in the two countries. The matching identification 

with the deciles method however is much lower, probably because of the restriction that has 

been applied beforehand. Maybe a more relaxed threshold should be applied to the deciles 

criteria for both cases. 

On the right column in Table 26 the same threshold levels have been applied to spring 

precipitation, resulting in the identification of years 1984 and, 2000 as dry. In this case even if 
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the deciles threshold was relaxed the years identified as drought in both sides of the table 

would still not coincide as the next drier springs are 1990 and 1961. 

Droughts registered by CRED account for 6 years in total since the 1960s and meteorological 

indices only coincide with two of them, this is an interesting conclusion taking into account 

that CRED registers drought episodes based on the impacts perceived while this study is based 

on the characterization of droughts using meteorological data. 

The boxes marked in table 26 represent the years identified as drought by the indices 

application. CRED records only identify 4 years of the series as having caused impacts big 

enough to be considered as drought. Only two years of the whole series analyzed have been 

characterized as drought, this result is completely dependant on the most restrictive index, the 

deciles, which sets beforehand the number of years that can be identified as drought, as 

reflected in Australian regulations only 1 year out of every 20 are real droughts.  
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Table 26 Droughts identified through the use of RUN, Deciles and SPI in Spain. Droughts identified by 
CRED 

Year
Decil 0.5 
o-s Run o-s SPI 12 (9) CRED Year

Decil 0.5 
am Run am SPI 2

1961
1961/62 1962
1962/63 1963
1963/64 1964 x x
1964/65 x 1965 x x x
1965/66 1966
1966/67 1967
1967/68 1968
1968/69 1969
1969/70 1970 x x
1970/71 1971
1971/72 1972
1972/73 1973
1973/74 1974
1974/75 1975
1975/76 1976
1976/77 1977
1977/78 1978
1978/79 1979
1979/80 x 1980
1980/81 x x x 1981
1981/82 x x 1982 x x x
1982/83 x 1983
1983/84 1984
1984/85 1985
1985/86 1986
1986/87 1987 x x
1987/88 1988
1988/89 x x x 1989
1989/90 1990
1990/91 1991 x x
1991/92 x x 1992
1992/93 x 1993
1993/94 1994
1994/95 x x x x 1995 x x
1995/96 1996
1996/97 1997
1997/98 1998
1998/99 x x x 1999
1999/00 2000  
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9 Water supply and pressures on the system 

9.1 Water supply 

In order to evaluate the availability of water in regulated basins such as the two study areas 

the model WATBAL has been applied, calculating the streamflow in the basin from 

precipitation and evapotranspiration data and some coefficients that describe initial 

conditions, soil characteristics and the geographical localization of the area. 

Precipitation data have been obtained from the Confederación Hidrográfica del Tajo, and 

evapotranspiration has been calculated using the Priestley – Taylor method, selected as 

explained before, for consistence reasons, as it is the same method used by agricultural 

models (CROPWAT and DSSAT)  to evaluate water and irrigation requirements and nitrogen 

leaching from cultivated areas. 

For the calibration of the model, also inflow data have been obtained from the CHT, 

accumulated up to the main reservoirs of both basins, the Rosarito in the Tiétar basin and the 

Gabriel y Galán in the Alagón basin. These data are available for the period between 1949 and 

1992, being a long enough series for the calibration and validation of the model. 

Inflow calibration and simulation 

The calibration of the model has been carried out with a segment of the historical series of 

inflow data, the first decade of the series has been discarded due to the little adjustment to 

the rest of the series. The decades between 1950 and 1970 have been used for the calibration 

of the model and the last 22 years have been used for the validation of the simulations carried 

out with the model. 

Figures 38 and 39 show the adjustment of the generated series through WATBAL with the 

observed data obtained from the CHT for the Tiétar river basin. 
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Figure 38 Calibration of the WATBAL model for the Tiétar basin (mm) 
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Figure 39 Observed and simulated inflows in the Tiétar basin (mm) 

Also figures 40 and 41 show the adjustment of the inflow values for the Alagón river basin, 

where it reaches even higher values than in the previous case. 
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Calibración del modelo WATBAL para la cuenca del Alagón
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Figure 40 Calibration of the WATBAL model for the Alagón basin (mm) 
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Figure 41 Observed and simulated inflows in the Alagón basin (mm) 

Analysis of deficit periods 

The analysis of inflows is interesting to evaluate the supply or water availability in the basin. 

This series is used to identify the second type of drought periods, hydrological droughts, which 

imply a decrease of precipitation big enough to have an impact on hydrological systems. It is 

interesting to apply these indices to hydrological data in order to determine the relationship 

between meteorological and hydrological droughts in a certain system and to be able to define 

reaction time lapses between the identification of the first ones and the latter ones.  
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Figure 42 shows the results for the application of the RUN method to the inflows in the river 

Tiétar. In this case, the threshold level selected to define drought periods is the average minus 

one standard deviation. 
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Figure 42 Identification of hydrolocial droughts in the Tiétar basin 

Figure 43 shows the same application of the RUN method to the historical series of inflow 

values for the Alagón river. 

The comparison among meteorological and hydrological drought periods is done in table 25 

that includes all the meteorological stations in both river basins and where all the years 

classified as drought periods have been marked in orange for the different indices. The figure 

shows a high correlation between the drought years identified through the different indices, in 

some cases we can observe some kind of delay of the hydrological droughts in relation to the 

meteorological ones; this result is quite logical attending to the natural development process 

of drought phases, with a first decrease of precipitations and a later materialization in 

decreases in streamflow and inflow values if the decrease in precipitation has been long and 

intense enough. Depending on the season of the year when the meteorological drought has 

started, the hydrological system can show symptoms in the same hydrological year or in the 

next one. 
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Figure 43 Identification of hydrolocial droughts in the Alagón basin 

Evaluation of water demand and diffuse pollution 

This phase of the study aims to evaluate two aspects of the agricultural water demand in the 

two selected basins. In the first place the total amount of water requirements of the main 

crops of the two areas will be calculated using CROPWAT and the differences between average 

and drought periods will be established. For the evaluation of the release of nitrates 

compounds derived from agricultural activities and evaluate the influence of drought periods 

in the concentrations of these compounds in outcoming waters the model DSSAT has been 

selected. 

The required data for the model application have been obtained from several sources, 

meteorological historical series have been provided by the CHT; crop coefficients have been 

calibrated with results from other research studies in similar areas and previous field works 

(DEMETER, 2002, Zapata, 2005, Kuo et al., 2006, Wolf et al., 1996). Soil has been characterized 

as an average field capacity and neutral pH. 



Drought and climate change impacts on water resources: management options 

 

 220 

9.2 Irrigation requirements   

9.2.1 Crop coefficient determination  

Crop coefficients are obtained from the relationship ETc/ETo where Etc is real 

evapotranspiration and ETo is potential evapotranspiration, this coefficient is different for 

each crop and for each season for the same crop because it depends on the growing stage of 

the crop and the development scheme. 

The value of Kc can vary depending on the type of crop and irrigation frequency, the covering 

degree of the crop over the ground and the development stage of the crop; the area covered 

by the crop can derive in important differences for the calculation of irrigation requirements 

and therefore it is possible to introduce a correction factor to take this aspect into account in 

the final calculation, this coefficient is called coverage coefficient, kr and its value depends on 

the percentage of area covered by the crop. 

Crop coefficients for the selected crops have been obtained from several publications that 

show results for similar areas in Spain (DEMETER, 2002, Zapata, 2005; Allen et al., 2005). Figure 

44 shows the annual evolution of Kc coefficients; fruit trees are the ones that show the lowest 

and earliest values while maize and fodder crops show the highest ones during the most water 

stressful period of the year, spring and summer. 
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Figure 44 Crop coefficients calibrated for the Alagón and Tietar basins 
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9.2.2 Water requirements evaluation in average conditions 

Table 27 and figures 46 and 47 summarize the resulting water requirements obtained for the 

application of CROPWAT to the main crops of both areas. These water requirements, shown in 

table 26, have been calculated assuming a 100% irrigation supply efficiency and a 100% 

absorption efficiency, even if these assumptions are not real, because these efficiencies never 

get to that maximum, it is a way to simplify the process and facilitates the establishment of 

comparisons between different crops and different study areas, dismissing those differences 

that might be attributable to changes in climate, crop physiology or irrigation systems 

conditions. 

The consequence of these assumptions is that resulting water demands are significantly lower 

than expected because all the water that would be necessary to satisfy inefficient irrigation 

demand is not taken into account.  

Figure 45 show the annual distribution of precipitation, effective precipitation, 

evapotranspiration and irrigation requirements for the four selected crops in one of the 

irrigation areas of the Tiétar basin. This analysis has been done for all irrigation areas in both 

basins; the resulting graphs are included in Annex 1. 

The demands shown in the figure are calculated for an average year with high precipitations 

during the winter and the characteristic decrease of precipitations during the summer, 

evapotranspiration, on the other hand, shows the opposite trends, with high values during the 

hot months of the summer and low values during the winter. The demands for miaze and 

fodder are the highest ones with a slight difference in the seasonality, starting a bit earlier for 

maize than for fodder. Tobacco shows lower irrigation requirements and fruit trees show the 

lowest values concentrated over a few months in the beginning of the summer. 

The timing of water demands along the year is a key issue for adequate water management, 

even if total annual demand can be satisfied with the total supply, Mediterranean climate is 

characterized by the coincidence of the driest season with the highest water demands both for 

irrigation and urban or tourist use, therefore, water supply systems have to be designed taking 

this issue into account and they have to be able to satisfy those demands depending on the 

precipitations of that season and the stored water from previous seasons. 
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Water requirements (mm). Tobacco. Tietar 3439

0

20

40

60

80

100

120

140

160

180

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0

20

40

60

80

100

120

140

160

180

Tabaco P PET PEFF
 

Water requirements (mm). Fruit trees. Tietar 3439
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Water requirements (mm). Fodder. Tietar 3439
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Figure 45 Water requirements (mm) in the Tiétar basin for maize, tobacco, fruit trees and fodder. 

Table 27 shows the total irrigation demands for the different crops; as shown in the figure 

above, the highest demand is for maize and fodder, followed by tobacco and fruit trees, which 

show the lowest demand because they are wood crops that are generally adapted to the 

characteristic scarcity conditions of Mediterranean areas, they also show the highest demands 

in early spring and summer, a bit earlier than the demand peak for the rest of the crops.  

Crops located in the upper sections of both rivers generally show lower irrigation demands 

because evapotranspiration is lower and effective precipitation is higher, on the other hand, 

irrigation requirements in the lower section of the river tend to show higher values, in the case 

of maize these increase can reach up to a 20% more; for tobacco and fruit trees this difference 

is even bigger, showing variations of a 70% in the case of tobacco and around a 60% in the case 

of fruit trees. These variation proportions are similar in both basins.  

Irrigation demands have been calculated for all irrigated areas, even if crops distribution is 

different in each area. The calculation of irrigation demands supports the analysis of the effect 

of climate on potential demands, the effect of drought periods in different seasons along the 

year and the effect of land use changes under climate change conditions. Also spatial demand 

is an issue that should be accounted for in the design of water supply systems or in land use 



Water supply and pressures 

 

 
223

plans, trying to adapt the location of land uses to the natural hydrological regime and 

minimising the artificial modification of natural systems. 

Table 27. Irrigation demands of the main crops in the Tiétar and Alagón basins.  

 
Basin Met. station 

Irrigated 
area 

Annual 
PP  
(mm) 

Annual 
ETP  
(mm) 

ID Maize
(mm/ha) 

ID Tobacco 
(mm/ha) 

ID Fruit 
(mm/ha) 

ID Fodder
(mm/ha) 

Tiétar 
Arenas de San 
Pedro 3408 Alto Tiétar 1345.04 781.21 385.84 106.75 30.5 379.31 

 
Barrado  
3439 

La Vera  
(Jaraiz ‐ 
Jarandilla) 1213.76 717.36 388.1 112.88 34.46 381.57 

 
Candeleda 
3416 

La Vera  
(Madrigal ‐ 
Candeleda) 1015.49 845.96 451.19 139.16 51.49 447.86 

 

Talayuela (La 
Barquilla) 
3426 El Rosarito 873.63 842.67 468.95 146.21 55.35 463.52 

Alagón 
Valero de la 
Sierra 3484  1032.35 792.85 387.05 103.63 28.99 382.91 

 Hervás 3504 
Riegos del 
Ambroz 1043.64 782.08 381.76 104.95 29.03 377.61 

 Coria 3525 
Gabriel y 
Galán 629.61 844.75 457.11 141.62 53.87 452.83 

 

Figures 46 and 47 show these values summarised in the table above. We can clearly appreciate 

in this figure the higher demands for maize and fodder while, tobacco and fruit trees have rely 

low demands compared to the other two crops. It is also noticeable the decrease in 

precipitation and increase in evapotranspirations from the stations located in the upper 

sections of the rivers and the increase of irrigation demands for all crops.  
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Figure 46 Irrigation demands of the main crops in the Tiétar 
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Figure 47 Irrigation demands of the main crops in the Alagón 
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9.2.3 Water requirements evaluation in drought conditions 

The different irrigation demand for average and drought years has been carried out selecting 

one of the years characterised as dry by the drought indicators previously calculated, then 

irrigation requirements are calculated again using the precipitation of that dry year. The 

selected year is characterised as dry by all the indicators in all meteorological stations.  

Figure 48 shows the annual irrigation requirements for the selected crops during a drought 

year. As discussed before, in these cases it is not only the total amount that counts, but also 

the distribution of these demands along the year. Maize does not change that much, followed 

by fodder which behaves also quite similarly to average years. Tobacco and fruit trees are, on 

the other hand, the most variable ones as shown in these graphs and the annual total demand 

values. 
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Figure 48 Water requirements (mm) in the Alagón basin for maize, tobacco, fruit trees and fodder. 

Table 28 shows the same results shown above for average years but for drought years The 

decrease in precipitation values is noticeable in comparison to the previous table, although 

evapotranspiration values stay quite stable from one year to another. This might be due to the 

fact that evapotranspiration is not a measured data but a computation dependant on latitude, 

solar radiation and soil fluxes more than on the actual value of precipitation in the area.  
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Table 28. Irrigation demands of the main crops in the Tiétar and Alagón basins under drought 
conditions 

 
Basin Met. station Irrigated area 

Annual 
PP  
(mm) 

Annual 
ETP  
(mm) 

ID Maize
(mm/ha) 

ID 
Tobacco
(mm/ha) 

ID Fruit 
(mm/ha) 

ID Fodder 
(mm/ha) 

 
Barrado  
3439 

La Vera  
(Jaraiz ‐ 
Jarandilla) 828,50 720,04 424,62 159,10 71,88 384,21 

 
Candeleda 
3416 

La Vera  
(Madrigal ‐ 
Candeleda) 855,00 843,47 519,74 198,57 91,61 531,93 

 

Talayuela (La 
Barquilla) 
3426 El Rosarito 407,10 864,50 539,10 197,96 102,97 534,11 

Alagón 

Valero de la 
Sierra 
3484  826,00 803,50 452,62 159,85 69,96 451,28 

 
Hervás 
3504 

Riegos del 
Ambroz 715,70 755,90 453,36 167,02 88,97 436,35 

 
Coria 
3525 

Gabriel y 
Galán 436,10 834,40 514,91 217,80 118,10 530,34 

 

Table 29 shows the variation percentages between the two previous tables. For precipitation 

decreases varying from 15% to 53% there is a generalized increase of irrigation requirements 

for all crops in every area with no exception. Maize and fodder, as explained before, seem to 

be the most stable ones showing increases around a 15% and 20%, for tobacco irrigation 

requirements increase between a 40% and 60%, and the most affected crops with a significant 

difference are fruit trees that shows an increase of around 220%; this is due to the little water 

requirements shown by these crops during normal years and also because the highest demand 

is during spring, which is the most variable season in precipitation terms. 
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Table 29. Differential irrigation demands of the main crops in the Tiétar and Alagón basins under 
drought conditions 

 
Basin Met. station Irrigated area 

Annual 
PP  
(%) 

Annual 
ETP  
(%) 

ID Maize
(%) 

ID 
Tobacco 
(%) 

ID Fruit 
(%) 

ID Fodder
(%) 

Tiétar 
Arenas de San 
Pedro  3408 Alto Tiétar 61 99 113 161 248 114 

 
Barrado  
3439 

La Vera  
(Jaraiz ‐ 
Jarandilla) 68 100 114 159 267 118 

 
Candeleda 
3416 

La Vera  
(Madrigal ‐ 
Candeleda) 84 52 116 144 181 119 

 

Talayuela (La 
Barquilla) 
3426 El Rosarito 47 103 115 136 188 116 

Alagón 
Valero de la 
Sierra 3484  80 101 117 155 246 117 

 
Hervás 
3504 

Riegos del 
Ambroz 69 97 116 161 323 116 

 
Coria 
3525 

Gabriel y 
Galán 69 99 113 155 224 117 

 

Figures 49 and 50 show the total values for irrigation requirements of the different crops in all 

the irrigation areas. Requirements increases are evident for all areas although the difference 

between the upper and the lower courses of the rivers decrease, with general variations of 

around 20%. Even with these differential variations mentioned above, still maize and fodder 

are the crops that show the highest water demands. 
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Figure 49 Irrigation demands of the main crops in the Tiétar under drought conditions  
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Figure 50 Irrigation demands of the main crops in the Alagón under drought conditions 

Figure 51 shows the differences in percentage of precipitation, PET and specific crop water 

requirements between an average year and a drought year. The decrease in precipitation is 
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clear in all the stations and PET values are quite stable except for one station in the Tiétar. 

Precipitation decreases between 15% and 53%. For precipitation decreases among 16% and 

53% there is a general increase in water demand for every crop without exception. Maize and 

fodder seem to be the most stable with increases around a 15%, tobacco suffers a bit higher 

increases between 40% and 60%, but fruit trees are largely the most affected crop with water 

demand increases up to a 223%. This is due to the variability showed by spring precipitation 

which is the most important for this crop and the low absolute value of water demand during 

normal years.  
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Figure 51 Differences in precipitation, PET and irrigation demands between normal and dry years in 

the Tiétar and the Alagón river basins 

9.2.4 Effects of irrigation on diffuse pollution  

The evaluation of diffuse pollution has been carried out with the Decision Support System for 

Agrotechnology transfer (DSSAT) that has been already described in previous sections. The use 

of this tool for the diffuse pollution modelling is highly data demanding for the definition of 

the parameters included in all the models that build this decision support system.  
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Climatic data, like precipitation, maximum and minimum daily temperature are obtained from 

the control network SAIH from the Confederación hidrográfica del Tajo, although, due to the 

recent installation of the stations of this network, data are only available from year 2000, 

when it would be appropriate to have a series of at least 20 years to adequately define the 

climate of the area. 

Crop data and the descriptors for their development phases are also necessary; the crop 

coefficients calculated above are used for this. For the selected experiment maize has been 

selected as the representative crop because it is the most water demanding and the one that 

covers the majority of the agricultural area, it is also the most studied crop and the 

information available allows for better validation of results. The hybrid selected for the 

experiment is 600 that has a 120 days cycle and coefficients have been calibrated in field 

experiments (Iglesias et al., 1997). 

For the soil description it is necessary to develop a general characterization where the type of 

soil is described through a set of coefficients for texture and permeability, which are quite 

generic once the type of soil is described. 

Figure 52 shows the experiment description file where the routine for the model is defined. 

After defining the set of experiments to be developed, the files related to climate, crop, soils 

and specifications for crop management are introduced in order to get the results and 

evaluate the differences among them. In this case the selected experiments compare a low 

and a high level of nitrogen inputs for rainfed, irrigated or water stress conditions; six 

treatments in total. 

From the range of results obtained figure 53 summarizes the resulting nitrogen leaching is 

higher for experiment 4, irrigation and high nitrogen inputs and lower for treatment 3, 

irrigation and low nitrogen inputs. These results are driven by the irrigation component 

because as many studies have already demonstrated, the higher the water inputs, the higher 

the leaching of pollutants to the soil (Causapé et al., 2003, 2004). There are no leaching results 

for any of the other experiments; however, for the specific analysis of impacts of drought 

periods on the levels of nitrogen leaching, the interest would be to study the first wet year 

following a drought period. Some studies currently developing in Spain are showing that 

normal application of nitrogen fertilizers during drought year show higher levels of nitrogen 
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leaching in the first wet year after a drought event. Dry years when the crops do not develop 

adequately result in an accumulation of nitrogen in the soil that is not taken up by crops, a 

subsequent year of average water and nitrogen inputs generate an increased level of leaching 

adding up normal amounts plus accumulated nitrogen from previous dry seasons. It would be 

interesting to develop pluriannual studies to observe these potential consequences. 

 

Figure 52 Description file for the experiments and management options in the crop models  DSSAT.  

Lixiviado de nitratos

0

5

10

15

20

25

140 143 146 149 152 155 158 161 164 167 170
Dia del año (1 = 1 de enero)

kg
/h

a

Treatment 1

Treatment 2

Treatment 3

Treatment 4

Treatment 5

Treatment 6

 

Figure 53 Nitrates leaching for the different management options for maize in the Alagón basin. 
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10   Specification of the water management models 

for the Alagón and Tiétar basins 

10.1  Management criteria 

Management system 

Figures 54 and 55 represent the management systems of the two basins, showing the 

discharge areas, the reservoirs and the demand nodes for agricultural and urban areas. These 

figures are obtained from the model AQUATOOL used by the TRBA for the modelling of the 

system and will be defined again in WEAP21 for the development of management alternatives. 

Each of the components of the system is described in detail in a file with the necessary 

information to describe the behaviour of that component along the historical series of data. 

Table 30 shows the main values for each of these supply and demand components. The 

numbers illustrate the complicated situation of the Tiétar basin where the maximum storage 

value is not enough to suit the yearly consumptive demand in the basin, with the main 

reservoir playing at the same time, the role of water reservoir for irrigation demand and of 

flood lamination reservoir for the melting snowpack during the spring. However, the reservoir 

volume in the Alagón basin allows for a multiannual regulation, being able to store more than 

2 times the annual consumptive demand of the basin. 
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Figure 54 Tiétar River basin 

 

Figure 55 Alagón River basin 
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Table 30 Reservoirs and water demand in the Tiétar and Alagón river basins. Source CHT. 

Alagón Tiétar 
Storage (hm3) 
Gabriel y Galán 924 Navalcán 33 
Navamuño 13.8 Rosarito 81 
Baños 41   
VAldeobispo 53   
Jerte 57.4   
Gujio Granadilla 13   
Consumptive demands (hm3/año) 
Supply Plasencia 4.99 Supply Oropesa 2.4 
I.A. Alagón 423.12 I.A. Tiétar 212.05 
I.A.. Ambroz 34.5 Direct abstractions 20 
Supply Bejar 3.85 Supply Tiétar 10.02 
I.A.  Nav 1.14 I.A.  Tiétar Cabecera 40.64 
Supply Alagón 11.47   

 

Hydrological regulation components 

Figures 56 and 57 represent the hydrological regulation components, the meteorological 

stations, the different quality measurement network stations and the main irrigated areas. 

There are 3 reservoirs in the Alagón basin while the Tiétar only counts on Rosarito for water 

storage. Due to the flood lamination role assigned to this reservoir, it has to release most of 

the stored water during the spring when the snowpack in the mountains is melting and it only 

relies in this melting and spring precipitation to be refilled again and be able to supply enough 

water for the summer irrigation period. 

There are two different quality measurement networks with different analysis capacity, ICA is 

the oldest network and does not keep a continuous record of the established parameters. 

SAICA, the newly automatic established network, records quality data in a daily basis but there 

are still not enough measurement points within the area to establish quality patterns or create 

a pollution emergency network in the basin. As shown in the figures, there are 2 SAICA stations 

in the Alagón basin but none in the Tiétar, therefore it is hard to make quality comparisons 

among the two basins 
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Figure 56 Hydrological control networks and irrigation areas in the Tiétar basin  

 

 

Figure 57 Hydrological control networks and irrigation areas in the Alagón basin 
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10.2  Model specification 

Water management models for the Alagón and Tiétar basins were constructed by using the 

WEAP21 toolbox. WEAP21 includes modules for the various components of water quantity and 

quality management – surface and groundwater hydrology, demands including the 

environment – and needs to be developed for each application. For this study WEAP21 has 

been used to develop models for the Alagón and Tiétar basins. Data for model specification 

was provided by the Tagus River Basin Authority and by the Statistical Division of the Ministry 

of Agriculture. The models also incorporated a geographically explicit component that assist in 

the evaluation of link between the physical situation and the management options. Figure XX 

shows the complete management structure of both river basins, where supply and demand 

components have been included. 

The first step for model specification is to define the elements of the system. Then, different 

values for their characteristic variables can be attached to each component for the different 

scenarios to analyse. Generally, a first scenario of “current accounts” is established using 

average values for supply and demand components and then other scenarios can be defined, 

based or not based on this first one, to evaluate the effects of drought periods on the level of 

demand satisfaction, and the effects of applying alternative management options for this 

particular analysis. 

At this point, all the results from the models applied in previous sections of the work are 

incorporated in the water management model for the integrated assessment of water 

management in the two river basins. The results from the hydrological evaluation (results of 

the simulations with the WATBAL model) are used to characterize the supply side of the model 

while the results of the irrigation water requirement simulations (obtained with the CROPWAT 

and DSSAT models) are used to characterize the quantitative and qualitative demand side of 

the model and the results of the application of the selected drought indices are used to define 

the drought management strategies and evaluate the reliability of the system during drought 

periods and the potential alternative management options that could be applied. 
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The basin models constructed provide means for analysis of three main areas: hydrological 

management, quality analysis of water and economic analysis of management strategies. The 

components of the model are the following: 

• Rivers 

• Diversions  

• Reservoir 

• Groundwater 

• Demand sites  

• Infiltration points 

• Transmission links 

• Wastewater treatment plants 

• Return flows 

• Streamflow gauges 

• Flow requirements 

 

All these components can be characterized through variables that describe each of the three 

fields mentioned above in order to get an integral analysis of quantity, quality and economic 

aspects of the river basin and develop scenarios for the impact evaluation of potential changes 

in the basin. 

For the analysis of drought impacts on these two water management systems a scenarios 

structure has been settled up trying to cover the occurrence of droughts under current climate 

conditions and also fewer than two projected future climate scenarios. 

In each of these scenarios the thresholds for the different phases of drought management 

have been established to evaluate the efficiency of the management measures applied. The 

scenarios structure applied can be summarised as follows in table 31. 
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Table 31 Scenario analysis structure 

Scenario Prealert Alert Emergency 
Current accounts 
(CA) 

SPI= ‐0,1 
 

SPI= ‐0,5 
 

SPI= ‐1 
 

Climate change 1 
(CC1) 

SPI= ‐0,1 
 

SPI= ‐0,5 SPI= ‐1 
 

Climate change 2 
(CC2) 

SPI=‐0,1 SPI= ‐0,5 SPI= ‐1 
 

 

For each of these scenarios different management alternatives are introduced depending on 

the drought management strategy stage requirements. These actions are generally structured 

to have the greatest possible impact on water demand satisfaction and the minimum impact 

on normal functioning of the system while possible. The measures included in the first stage of 

drought planning generally include non‐structural and non‐mandatory measures oriented to 

the temporal reduction of demand to avoid the evolution to the next drought management 

stage. In the alarm stage measures might include some mandatory reductions of demand, or 

changes in the normal operation rules for reservoirs that modify both demand and supply of 

water. In the last stage of management more severe measures are adopted, including 

mandatory reductions in demand that can affect agricultural production and urban 

consumption and some emergency water works such as transfers from other river basins, 

exceptional permits for groundwater abstraction or new water conductions; this last step 

should be addressed as the last option when water deficits are so big that non of the other 

stages can ensure the functioning of the system in the near future. A summary of the main 

measures adopted in each stage is shown in table 31.     

Table 32 shows and describes the main characteristics of the selected scenarios simulated in 

WEAP to evaluate the effects of climate and management. Simulating a drought year, we can 

observe the potential impacts on water demand satisfaction, while modifying management 

options as well as climate we can observe the effectiveness of such measures compared to the 

traditional management of the basin.   
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Table 32 Scenario analysis structure and possible operational actions corresponding to each level of 
drought level index 

Drought 
management 
stage 

Objectives of the applied measures Possible operational actions  

Prealert Prevention 
Increased control and monitoring  

Low cost, non structural directed 
to avoid worse situations; focus on 
communication 

Alert Use of non conventional sources 
Conservation and monitoring of 
water resources 
Demand management 

Low cost, indirect, voluntary, non 
structural directed to avoid worse 
situations 

Emergency Use of non conventional and 
extraordinary sources 
Restrictions on water use 
Demand management 

Low‐medium‐high cost, direct, 
mandatory, restrictive, structural 
 

 

The results of the study show that the demand satisfaction of the Alagón basin is a direct 

consequence of the higher regulation capacity of the system. 

The reduction in urban demand does not make significant differences in the results due to the 

small size of urban areas in the selected basins where agriculture is the main use and is 

therefore the one that can act as the key component to react upon drought situations. 

10.3Current accounts scenario 

The first step to specify the model is to create the hydrological component, including the 

headflows of the main river and all its tributaries. The data used for the specification of the 

hydrological component can be found in Annex 2 and figures 58 and 59 show the average 

values for both rivers and their tributaries obtained from the inflow historical series generated 

through WATBAL from precipitation data for the different hydrological areas. 

The seasonality of all rivers in the two systems is remarkable, with peak inflows during the 

winter months and nearly non‐existent summer inflows. Even in average values, inflows are 

much higher in the river Tiétar, especially for some tributaries that reach up to winter average 

inflows of 300 hm3 in the months of January and February, showing high seasonal variability. 
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The analysis of the intra‐year variability of inflows is extremely important for the design of 

management strategies for a river basin, because high precipitations during the winter don’t 

make a difference for agricultural or urban demand if the system is not regulated in order to 

satisfy those demands during the most stressful months of the summer. 

In these particular cases there is a great regulation difference among the two basins and 

therefore it is interesting to make this kind of analysis to evaluate consequences of changes in 

climatic characteristics in the future.  The Tiétar basin has a very low regulation capacity and 

the main reservoir, Rosarito, plays a double role as water reservoir and flood prevention 

infrastructure during snowmelt season, it is therefore, essentially dependant on spring 

precipitation for the supply of irrigation and urban demand during spring and summer when 

demands are higher. 

In the current scenario average values have been used to characterize all the components of 

the model, with the aim to set a reference scenario for comparison with the drought and 

climate change scenarios that will be applied in subsequent steps. 

Headflow values in the Tiétar river basin (Hm3)
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Figure 58 Headflow values in the Tiétar river basin  
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Headflow values in the Alagón river basin (Hm3)
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Figure 59 Headflow values in the Alagón river basin  

Following this structure, also demands for the two basins have been characterized. Demand 

has been classified in three different types: urban demand holds the highest priority for water 

supply in the system, ecological demand holds the second priority and agricultural demand is 

the third in the supply priority order; these demand priorities have been established according 

to the principles of the WFD that attributes a higher priority to ecological flows than in 

previous planning strategies. In this first scenario the values attached to demand sites 

correspond to average years when precipitation values are also average. These data are also 

included in Annex 3 and here Figures 60 and 62 represent graphically the values for average 

years of annual water use and monthly variation. 

These figures show how different the total amount is for urban and agricultural demands, 

most of all in the case of the Alagón river basin where the irrigation demands in the lower 

course of the river reach values ten times bigger than urban demands. This information is 

crucial for the design of management strategies because as seen in figures 61 and 63 even if 

urban demands stay quite stable along the year, irrigation demands increase significantly 

during the summer period, overlapping with the period of lowest inflow showed in the above 

figures.  
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Annual water use in the Tietar river basin (Hm3)
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Figure 60 Annual water uses in the Tiétar river basin  

Monthly variation of water demand in the Tietar river basin (%  annual)
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Figure 61 Monthly variations in water use in the Tiétar river basin  
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Annual water use in the Alagón river basin (Hm3)
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Figure 62 Annual water uses in the Alagón river basin  

Monthly variation of water demand in the Alagón river basin (%  annual)
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Figure 63 Monthly variations in water use in the Tiétar river basin  

As for the third type of demand, the ecological flow requirements, they are described in a 

slightly different way, as constant flows all along the year with no monthly variation. The 
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following table (Table 33) shows the values used to characterize ecological flow requirements 

in both river basins. These values are set by the River basin authority and respond to 

estimations derived from the analysis of streamflow; therefore it remains constant along the 

year and also for the different scenarios. 

Table 33  Ecological flow requirements in the Alagón and Tiétar river basins 

Flow requirement site hm3/mes 
Valdeobispo 4,8 
Jerte  3,02 
Pajarero 0,01 
Navalcán 0,07 
Rosarito 1,41 

 

10.4  Drought scenarios 

Drought scenarios incorporate several components that are analysed simultaneously, a 

decrease of inflow values, an increase of agricultural demands depending on the crop 

distribution and precipitation decrease and also the adoption of management alternatives for 

each of the drought stages.   

10.4.1 Drought sequence  

For the evaluation of drought impacts on water management several drought scenarios have 

been developed derived from the drought indices calculated in the first section of this thesis.  

A series of years have been established and inside that series years have been characterized 

with different levels of average precipitation to represent different levels of drought intensity. 

Taking the current accounts values as the reference, the new values are introduced in the 

model to compare the resulting water demand satisfaction level. The correlation between the 

decrease of precipitation and the decrease of inflow levels has been derived from the analysis 

of the accumulated probability functions of the SPI and the inflows (Figures 64 and 65). The 

functions for all the sites in the two basins are included in Annex 4. This analysis has been 

carried out for all the hydrological areas in the two river basins, where each of the SPI values 

selected as thresholds for drought management stages have been associated with a decrease 
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of inflows. Table 34 represents the values for SPI and inflows associated with each type of 

year.  
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Figure 64. Correlation between SPI and inflow values 
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Figure 65. Accumulated probability for SPI and inflow values 

Table 34  Classification of years and inflow values for drought scenarios 

Type Class SPI  Inflow (% normal) 
Very dry 1 ‐1 0.5 
Dry 2 ‐0,5 0.75 
Normal 3 0 1 
Wet 4 0,5 1.25 
Very wet 5 1 1.5 

 

In the definition of drought scenarios also the sequence of the types of years has to be 

established. In this case the same sequence has been applied to both river basins in order to 

provide better comparison options, the sequence is shown in figure 66. 
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Yearly sequence in the drought scenario
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Figure 66 Sequence of years for the analysis of drought. (Y Axis values referred to year types described 

in  table 34) 

10.4.2  Irrigation requirements increase 

The results obtained from the crop water requirement simulations showed that not only 

supply is modified for drought years, but crops also show a higher than average requirement 

for water and this is incorporated in the integrated analysis of drought proposed in this work.  

This analysis has been developed assuming a characteristic crop distribution for each of the 

basins in order to obtain a value of total agricultural increase value for the different drought 

stages and for the climate change scenarios and associated drought episodes. 

The increases in agricultural water requirements are showed in tables 35 and 36 for both river 

basins.  
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Table 35  Water requirements variations for the Tiétar basin under drought and climate change 
scenarios. 

Demand site Avg PA A E CC1 PA A E CC2 PA A E 
RPTietCab 17.91 17.91 20.06 20.78 22.21 22.21 24.87 25.76 24.36 24.36 27.28 28.25
RP Guadyerbas 0.82 0.82 0.92 0.95 1.02 1.02 1.14 1.18 1.12 1.12 1.25 1.29 
RP Aar Rosarito 13.79 13.79 15.44 16.00 17.10 17.10 19.15 19.84 18.75 18.75 21.00 21.76
RP Alardos 9.69 9.69 10.85 11.24 12.02 12.02 13.46 13.94 13.18 13.18 14.76 15.29
ZR Tiétar MDI 15.62 15.62 17.49 18.12 19.37 19.37 21.69 22.47 21.24 21.24 23.79 24.64
ZR Tiétar MDII 19.62 19.62 21.97 22.76 24.33 24.33 27.25 28.22 26.68 26.68 29.89 30.95
ZR Tiétar MDIII 8.64 8.64 9.68 10.02 10.71 10.71 12.00 12.43 11.75 11.75 13.16 13.63
ZR Tiétar MII 26.43 26.43 29.60 30.66 32.77 32.77 36.71 38.02 35.94 35.94 40.26 41.70
ZR Tiétar MIII 38.40 38.40 43.01 44.54 47.62 47.62 53.33 55.23 52.22 52.22 58.49 60.58
RP Ros‐Smaria 3.54 3.54 3.96 4.11 4.39 4.39 4.92 5.09 4.81 4.81 5.39 5.58 
RP Alcañizo 3.21 3.21 3.60 3.72 3.98 3.98 4.46 4.62 4.37 4.37 4.89 5.06 
RP Smaria 0.78 0.78 0.87 0.90 0.97 0.97 1.08 1.12 1.06 1.06 1.19 1.23 
RP Smaria Caraba 28.92 28.92 32.39 33.55 35.86 35.86 40.16 41.60 39.33 39.33 44.05 45.62
ZR Peraleda mata 9.80 9.80 10.98 11.37 12.15 12.15 13.61 14.10 13.33 13.33 14.93 15.46
ZR Valdecañas 6.61 6.61 7.40 7.67 8.20 8.20 9.18 9.51 8.99 8.99 10.07 10.43
RP Caraba‐Tor‐
Tiet 33.63 33.63 37.67 39.01 41.70 41.70 46.71 48.37 45.74 45.74 51.23 53.05
RP Caraba  10.18 10.18 11.40 11.81 12.62 12.62 14.14 14.64 13.84 13.84 15.51 16.06
RP BTiétar 7.17 7.17 8.03 8.32 8.89 8.89 9.96 10.31 9.75 9.75 10.92 11.31
Avg: Average precipitation; PA: Prealert; A: Alert; E: Emergency; CC1: Climate change1; CC2: 

Climate change2 

Table 36  Water requirements variations for the Alagón basin under drought and climate change 
scenarios. 

Demand site Avg PA A E CC1 PA  A E CC2 PA A E 
RP Alag Cab 22.5 22.5 23.18 24.98 25.2 25.2 25.96 27.97 26.1 26.1 26.88 28.97
RP Jerte Cab 3.97 3.97 4.089 4.407 4.446 4.446 4.58 4.936 4.605 4.605 4.743 5.112
ZR Ambroz 34.52 34.52 35.56 38.32 38.66 38.66 39.82 42.92 40.04 40.04 41.24 44.45
ZR Alagón MD 171 171 176.1 189.8 191.5 191.5 197.3 212.6 198.4 198.4 204.3 220.2
ZR Alagón MI 132 132 135.9 146.5 147.8 147.8 152.3 164.1 153.1 153.1 157.7 170 
ZR Alagón 
MI2 88 88 90.64 97.68 98.56 98.56 101.5 109.4 102.1 102.1 105.1 113.3
R Jerte 1.39 1.39 1.432 1.543 1.557 1.557 1.604 1.728 1.612 1.612 1.661 1.79 
RP Bajo Alag 4.9 4.9 5.047 5.439 5.488 5.488 5.653 6.092 5.684 5.684 5.855 6.309

Avg: Average precipitation; PA: Prealert; A: Alert; E: Emergency; CC1: Climate change1; CC2: 

Climate change2 

10.4.3 Drought management alternatives 

A complete description of the potential alternative management measures that can be applied 

in drought events is provided in previous sections: Table 37 provides a summary of the specific 
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demand reduction and supply increase objectives in the two selected river basins for the 

different drought stages and also a set of specific measures than can be applied in order to 

reach those pre‐established levels. 

Table 37  Drought management alternatives for the different drought stages 

Drought 
management 
stage 

Demand reduction objectives 
Supply increases objectives 

Possible operational actions  

Normal No specific reduction objectives  Studies for the identification of new water sources.
Design of management plans. 
Studies on demand supply efficiency.  
 

Prealert 5% for urban demand 
15% for agricultural demand 

Intensified monitoring. 
Revision of infrastructures. 
Public awareness campaigns for voluntary use 
reduction 
Coordination among institutions 
Information to farmers for activity modification 
Leakage detection and correction  

Alert 15% for urban demands 
35% for agricultural demand 
 

Use of alternative resources 
Restrictions for agricultural use 
Intensified public awareness campaigns for 
voluntary use reduction 
Restrictions for some urban uses 

Emergency 50% for urban demand 
50% for agricultural demand 
 
10 hm3 extra for the Tiétar  
14 hm3 extra for the Alagón 
 
 

Groundwater intensified use and other 
complementary sources 
Restrictions for agricultural use to ensure urban 
supply 
Restrictions for urban use that may imply supply 
cut  
Water transfers from other basins 

 

10.5  Climate change scenarios 

The climate change scenarios have been developed applying the data from the last IPCC report 

(IPCC, 2007) that make projection for the change of precipitation and temperature for the 

different regions in the world. 

The ultimate goal of the analysis is to evaluate the effectiveness of the adaptation measures. 

To this end, the results presented in this study are structured in the following way: 
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Climate change scenarios have been derived from the latest results published by the IPCC in 

the Fourth assessment report (IPCC, 2007). As explained in the methodology, the IPCC report 

provides variations for precipitation and temperatures from which inflow variations can be 

derived through WATBAL. Two different scenarios have been produced, summarised in Table 

38. 

Scenario CC1: Assumes a constant decrease in annual inflows of 12% from the historical series 

average. 

Scenario CC2: Assumes different percentage decreases depending on the season of the year, 

with lower decreases for autumn and winter (12% and 6% respectively) and higher decreases 

for spring and summer (16% and 24% respectively) 

Table 38  Classification of years and inflow values for drought scenarios in climate change conditions 

 Reference inflow (%) 
Scenario SON DJF MAM JJA 
Current accounts 1 1 1 1 
Climate change 1 0,88 0,88 0,88 0,88 
Climate change 2 0,88 0,94 0,84 0,76 

 

10.6  Structure for the presentation of results 

Simulations results are presented through graphs created with the data supplied by WEAP21 

for supply and demand values. Due to the amount of generated scenarios, results are 

presented following the same structure first for the Tiétar river basin and then for the Alagón 

basin. All results are finally summarised in a table for better understanding and analysis. 

 Results are presented first for the current accounts scenario, starting with the reference 

scenario with average precipitation and inflow values and then for the different levels of 

drought with no application of drought management measures and finally with the application 

of management measures. This structure is repeated for the two climate change scenarios and 

for the Alagón river basin in the same way. The structure is summarised in table 39. 
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Table 39  Classification of years and inflow values for drought scenarios in climate change conditions 

 

 In the results for demand analysis only those demand sites under regulation have been 

included. Non‐regulated sites are usually incorporated in management systems as marginal 

demands with small scale management infrastructure with no impact on the normal 

functioning of the system. 

 

 

Baseline ‐ CC1 ‐ CC2 Average precipitations    
Baseline ‐ CC1 ‐ CC2 Drought scenarios  Prealert NO measures Measures 
  Alert NO measures Measures 
  Emergency NO measures Measures 
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11    Operational management under baseline, 

drought and climate change scenarios in the 

Tiétar river basin 

11.1  Current climate 

11.1.1 Reference scenario 

Supply analysis 

Figure 67 shows the average values for all the tributaries of the river Tiétar, the characteristic 

distribution of inflows shows a maximum peak during the winter and a minimum during the 

summer. It is interesting to notice how differences between the inflows of the different 

tributaries are much higher in the cold months than in the summer, although interannual 

variability is much higher during the low flow season as we have seen in previous analysis. This 

graph will be shown for the different climate scenarios with the aim to compare average 

values for the proposed situations. 
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Figure 67 Headflows in the Tiétar river basin in the baseline reference scenario 
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Demand analysis 

Average years in the Tiétar basin result in some unmet demand during the summer months, 

however, all these deficiencies are associated to non‐regulated demand sites and therefore 

they may not be taken into account in the evaluation because they can not be modified 

through management measures other than creating new infrastructures for irrigation 

reservoirs and canals. For regulated demands there is a 100% coverage in reference years. As 

shown in figure 68 the maximum water requirements appear in the summer months, 

coinciding with the lowest inflows; this issue is of extreme importance for water management 

planning because the storage of water during the winter and the spring is determinant for the 

satisfaction of all water uses during this season. 
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Figure 68 Water requirements in the Tiétar river basin in the baseline reference scenario 

11.1.2 Drought scenario 

Supply analysis 

Figure 69 shows the values for headflows simulated in the drought scenario. As the sequence 

of years has been predetermined normal years show the same values as the reference 

scenario while wet years show higher levels and dry years show lower than average headflow 

values. In this case the two interesting years to analyse will be the fourth and fifth year of the 
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series. This sequence of years allows for the analysis of drought scenarios under the three 

established drought severity stages and the efficiency of adopting drought management 

measures. 
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Figure 69 Headflows in the Tiétar river basin in the drought scenario  

Demand analysis 

This section analyses in detail the effects of drought on the capacity of the system to satisfy all 

the water requirements and the dynamics of crop irrigation requirements in the different 

drought stages. 

Prealert 

In the prealert scenario there are some minor unmet regulated demands, but the majority of 

deficits occur in those sites that depend on the natural regime of rivers. Figure 70 shows the 

unmet demands for regulated and non‐regulated sites in order to compare with the rest of the 

scenarios for the current climate in the Tiétar basin. In this case the applied measures are 

voluntary demand reductions with the objective to avoid potential shortages in case drought 

continues to more severe stages. Figure 71 shows the results of the application of a voluntary 

5% decrease in urban demand and a voluntary 15% decrease in agricultural demand; the graph 
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shows how these decreases in demand can reduce drought impacts significantly and 

concentrate shortages on non‐regulated sites. 
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Figure 70 Unmet demands in the Baseline Prealert Scenario. Tiétar 
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Figure 71 Unmet demands in the Baseline Prealert Scenario + Management options. Tiétar 
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Alert 

In this case, drought affects most of the demand sites in the basin, reaching the highest values 

for regulated sites downstream in the basin, as shown in figure 72. Non‐regulated sites show 

similar shortage values as in the previous case, however, sites depending on irrigation 

channels downstream show significantly increased shortages. Again applied measures are 

oriented to reduce demand in order to prevent shortages in case of drought intensification, 

including still voluntary reductions in consumption but also incorporating some restrictions for 

agricultural and certain urban uses, such as gardens irrigation or swimming‐pool filling.. As 

observed in figure 73 the adoption of such measures decreases the unmet demand 

significantly and completely for regulated sites to a similar level than in the previous scenario. 
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Figure 72 Unmet demands in the Baseline Alert Scenario. Tiétar 
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Figure 73 Unmet demands in the Baseline Alert Scenario +Management options. Tiétar.  

Emergency 

In the fourth year of the designed sequence drought conditions are harder than in the previous 

year and SPI values reach ‐1 values, triggering the management options selected for the 

emergency scenario. These measures are not voluntary anymore and are very restrictive with 

agricultural uses and some urban uses in order to prevent the affection to domestic supply as 

much as possible. Figures 74 and 75 show the impacts on demand satisfaction without and 

with the application of such measures. As we can see in the figure, in the emergency scenario, 

with no adoption of drought management measures, many demand sites would suffer 

shortages during the summer season, when irrigation requirements are higher for all sites. 

Urban demands would not be affected, but economic losses due to these shortages could be 

important in specific sites depending on the production type. Especially for those areas with 

fruit trees that need to meet a minimum requirement of water to survive until the following 

productive season. If the situation is planned in advance the predefined reductions can be 

established in agreement with farmers and water users and shortages can be avoided in 

regulated demand sites where farmers would have already adopted the necessary measures to 

minimise the impacts produced by drought. Also in this case, the adoption of demand 

management measures would reduce the inability of the system to supply water requirements 



Results for the Tiétar basin 

 

 
259

and concentrate them on non‐regulated sites to even lower levels than in the two already 

presented drought scenarios. However, it is important to notice that in this case reductions in 

demand have been really severe, a 50% both for urban and for agricultural demands, what 

may cause important economic losses for the agricultural activity and for the functioning of 

industries dependant on urban supply. In this case also compensation measures have to be 

designed attending to the predicted losses reduced by these decreases in demands.  
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Figure 74 Unmet demands in the Baseline Emergency Scenario. Tiétar.  
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Figure 75 Unmet demands in the Baseline Emergency + Management options Scenario. Tiétar.  

11.2Climate change 1 

11.2.1 The reference scenario 

Supply analysis 

In this first climate change scenario, the reduction of inflows is constant along the year and all 

years in the analysed series have equal monthly distribution. As established by the IPCC 

projections in the, 2007 Fourth Assessment Report the reduction is equal to 12% of the 

average inflow values for the historical series. Figure 76 shows the distribution of inflows for 

the rivers in the Tiétar basin. In comparison with average values for the current climate 

scenario a clear decrease in inflows can be observed in the figure. 
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Figure 76 Headflows in the Tiétar river basin in the CC1 reference scenario  

Demand analysis 

In the Climate change scenarios both headflow and water requirements values change. The 

results from the crop water requirement models are used as input here and higher values of 

water demands can be observed for all agricultural demand sites compared to the current 

climate scenario. Water requirements for agricultural sites are shown in figure 77. 

Results for this scenario are similar to those for the same area in the current accounts 

scenario, but absolute values of unmet demand are higher than in the first case. There are still 

no shortages for regulated demands, the results shown in figure 80 are the unmet demands 

for non‐regulated demand sites that will not be taken into account for final considerations. 
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Figure 77 Water requirements in the Tiétar river basin in the CC1 reference scenario  

11.2.2 Climate change and drought extreme event scenario 

Figure 78 shows the inflow values for the sequence of years designed to simulate drought 

events. Values are lower than in the current climate scenario. The effects of drought will be 

analysed particularly for each year in order to get a more detailed explanation of the monthly 

variation of water shortages in the different drought stages. As explained in the model 

specification section, drought characterization for the climate change scenarios show the same 

reduction in inflow values as for current climate droughts. It is possible that drought events 

might be more severe under climate change conditions but no clear results have been 

published on this issue, therefore, we will analyse the effect of drought events with the same 

intensity as an approach to evaluate potential drought impacts in the future. 
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Figure 78 Headflows in the Tiétar river basin in the CC1 drought scenario  

Prealert 

The IPPC report supplies average percentages for precipitation decrease from which inflow 

and water requirements are derived; however, drought scenarios are assumed to have the 

same proportion in the climate change scenarios because there is no indication on the 

potential increase in severity drought events might have in the future. Therefore, in the 

prealert scenario, inflow values decrease in the same proportion as in the current climate 

scenario and water requirements also increase proportionally as in drought scenarios for 

current climate, but always referring to a modified average with lower precipitations. Figure 79 

shows how, again in this case, not only non‐regulated demands are affected by drought; there 

are also important shortages for most of the regulated sites in the basin, reaching up to 6 to 9 

hm3 for the irrigated areas depending on the Canal de Alagón in the lower course of the river. 

The application of voluntary demand reductions results in a decrease in demand that reduces 

more or less to a half the shortages in regulated demands (Figure 80); in contrast to the same 

drought stage under current climate conditions, regulated sites still suffer significant shortages 

even with the adoption of demand reduction measures. 
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Figure 79 Unmet demands in the Tiétar river basin in the CC1 prealert scenario 
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Figure 80 Unmet demands in the Tiétar river basin in the CC1 prealert scenario + management options 
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Alert 

Figure 81 shows the results for the alert scenario under climate change conditions, where it is 

clearly noticeable how water shortages are much higher than for the previous scenarios and all 

the agricultural demand sites are affected at this stage of drought. In this occasion the 

adoption of the pre‐established drought management actions (Figure 82) would not be enough 

to satisfy all regulated demands and some shortages would appear with associated impacts on 

the agricultural activity of the basin.  
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Figure 81 Unmet demands in the Tiétar river basin in the CC1 alert scenario 
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Figure 82 Unmet demands in the Tiétar river basin in the CC1 alert scenario + management options 

Emergency 

Generally shortages are higher under these conditions for all demand sites. Urban demands, 

however are still safe from shortages even without the application of management options. 

Unmet demand in agricultural areas reach up to 16 hm3 for regulated sites like the Irrigation 

area of the left shore of the Tiétar (Figure 83). In this case the adoption of management 

options is enough to ensure the satisfaction of all regulated demand sites, nevertheless, 

management options in this scenario assume a reduction in urban and agricultural sites of a 

50% and an increase of supply coming from the Valdecañas reservoir that might have 

important economic impacts for the system. Figure 84 shows the results of the application of 

such management measures and we can see that even if impacts at the emergency level are 

much higher than in the alert level, the adoption of such drastic management measures in 

addition to the supply of new resources from external sources, produces an important 

reduction in unmet demand levels. 
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Figure 83 Unmet demands in the Tiétar river basin in the CC1 emergency scenario 
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Figure 84 Unmet demands in the Tiétar river basin in the CC1 emergancy scenario + management 

options 
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11.3  Climate change 2 

11.3.1 The reference scenario 

Supply analysis 

For this scenario, following the data published by the IPCC in the last Assessment Report, 

decreases in precipitation are not constant along the year; winter decreases are smaller than 

decreases during spring and summer and therefore impacts on agriculture are expected to be 

higher than for the previous scenario, as summer is the most stressful period for the system 

and the Tiétar basin is especially dependant on spring precipitation for the satisfaction of 

agricultural water requirements. The distribution of average inflows for this scenario is shown 

in figure 85. In a similar way, agricultural water requirements are expected to be higher for this 

scenario than for previous ones because, as explained above, spring and summer decreases in 

precipitation are expected to be higher than in the winter, affecting directly to the seasonal 

water requirements of crops. The average water requirements for this scenario are presented 

in figure 86. 
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Figure 85 Headflows in the Tiétar river basin in the CC2 reference scenario 



Results for the Tiétar basin 

 

 
269

0

2

4

6

8

10

12

14

16

18

20

Water requirements in the Tietar river basin in the CC2 scenario (Hm3)

RP AArRosarito

RP Alardos

RP CTT

Rp TietarCab

RPBTietar

RPCaraba

RPSMCaraba

ZRTietarMDI

ZRTietarMDII

ZRTietarMDIII

ZRTietarMII

ZRTietarMIII

All Others

  

Figure 86 Water requirements in the Tiétar river basin in the CC2 reference scenario  

11.3.2 Climate change and drought extreme event scenario 

Figure 87 shows the inflow values for the sequence of years designed to simulate drought 

events. Values are lower than in all previous scenarios. As in the previous case the effects of 

drought will be analysed particularly for each year in order to get a more detailed explanation 

of the monthly variation of water shortages in the different drought stages.  
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Figure 87 Headflows in the Tiétar river basin in the CC2 drought scenario  

Prealert 

Again in this case drought events are assumed to have the same proportion in the climate 

change scenarios as under current climate conditions. Therefore, in the prealert scenario, 

inflow values decrease in the same proportion as in the current climate scenario and water 

requirements also increase proportionally as in drought scenarios for current climate. Figure 

88 shows the important effects of drought under this scenario and current management 

system with no application of additional management measures. Regulated and non‐regulated 

demand sites are affected by water shortages in important amounts. The application of 

current drought management actions foreseen for prealert scenarios would have an important 

impact on the decrease of water shortages, reducing them to a relatively low level (Figure 89). 
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Figure 88 Unmet demands in the Tiétar river basin in the CC2 prealert scenario 
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Figure 89 Unmet demands in the Tiétar river basin in the CC2 prealert scenario + management options 

 

Alert 
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Figure 90 shows the results for this scenario, where it is clearly appreciable how water 

shortages are much higher than for the previous scenarios and most of the demand sites are 

affected at this stage of drought in important amounts. The adoption of demand reduction 

options of a 35% for agricultural demand and a 15% for urban demand produces significant 

changes and decreases the water shortages in a higher proportion than the adopted 

reductions; nevertheless, some regulated demands still suffer shortages with the adoption of 

such methods suggesting that for these scenarios other measures should be designed. In all 

the last scenarios analysed, the irrigation area of the left shore of the river Tiétar is the one 

that suffers the highest unmet demand levels. 
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Figure 90 Unmet demands in the Tiétar river basin in the CC2 alert scenario  
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Figure 91 Unmet demand in the Tiétar river basin in the CC2 alert scenario + management options 

Emergency 

As in previous cases shortages are higher under these conditions for all demand sites. Urban 

demands, however are still safe from shortages even without the application of management 

options. Unmet demand in agricultural areas reach up to 18 hm3 for regulated sites like the 

Irrigation area of the left shore of the Tiétar, being again the most affected one (Figure 92). In 

this case the adoption of management options is not enough to ensure the satisfaction of all 

regulated demand sites, even if the unmet demands for regulated areas are not big, all sites 

have already assumed a reduction in urban and agricultural sites of a 50% and an increase of 

supply coming from the Valdecañas reservoir that might have important economic impacts for 

the system. It is interesting to notice how the adoption of alternative management options, 

leads to lower levels of unmet demand than for less severe drought scenarios, however this is 

certainly due to the adoption of supply increase measures in this case and not under prealert 

or alert conditions. 
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Figure 92 Unmet demand in the Tiétar river basin in the CC2 emergency scenario 
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Figure 93 Unmet demand in the Tiétar river basin in the CC2 emergency scenario + Management 

options 
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11.4  Aggregated analysis 

The results for this section are summarized in a set of aggregated tables and graphs for better 

understanding and analysis. Through these data some interesting conclusions can be obtained 

individually for this river basin and, also important, in comparison to the Alagón basin.  The 

analysis is carried out through two different sets of data; first taking into account all demand 

sites and second, taking into account only regulated sites. This is a way to determine the 

importance of non‐regulated demand sites for the global results in each of the basins. 

This analysis is complementary to the detailed analysis of demands presented above. This 

aggregated approach results of especial interest for comparison with other systems and for the 

observation of general response trends or differences depending on global characteristics of 

the basin, however, the previous analysis is important at the individual level; the results 

obtained through the water management model can support decision making processes both 

in the temporal and spatial scale. The monthly analysis of supply and demand is interesting for 

the analysis of the temporal development of drought and to trigger alternative management 

options according to the evolution of drought indicators, and the explicit spatial analysis is 

interesting for differentiating drought impacts on the characteristics of demand sites (their 

regulation level, the priority of use compared to other uses or the distribution of crops in the 

site). 

Table 40 summarizes some results for each of the proposed scenarios. The first column lists all 

the scenarios that have been analysed. The second column represents the total supply in the 

basin, which decreases for each of the climate scenarios and also for each of the drought 

stages in the same climate scenario. The third column summarizes the values of total demands 

in the basin, including both urban and agricultural demand; opposed to inflow values, 

demands increase constantly reaching a difference of nearly a 65% from the current reference 

scenario to the emergency stage in CC2 scenario. 
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Table 40 Aggregated analysis of drought management in the Tiétar basin 

Scenario 
Suply 
(hm3) Demand (hm3)  Unmet demand (hm3) Demand coverage (%) 

CC0 Ref 2211,7 250,9 0 100,00 
CC0 Prealert 2004,7 265,9 18,18 93,16 
CC0 Prealert+MO 2004,7 265,9 9,65 96,37 
CC0 Alert 1658,8 279,6 63,95 77,13 
CC0 Alert+MO 1658,8 279,6 9,88 96,47 
CC0 Emergency 1105,8 289,2 98,8 65,84 
CC0 Emergency+MO 1105,8 289,2 9,19 96,82 
CC1 Ref 2022,8 308,2 35 88,64 
CC1 Prealert 1840,5 320,3 71,57 77,66 
CC1 Prealert+MO 1840,5 320,3 39,46 87,68 
CC1 Alert 1517,1 343,7 127 63,05 
CC1 Alert+MO 1517,1 343,7 40,68 88,16 
CC1 Emergency 1011,4 355,5 163,5 54,01 
CC1 Emergency+MO 1011,4 355,5 32,93 90,74 
CC2 Ref 1965,2 336,8 61,79 81,65 
CC2 Prealert 1765,2 350,2 110 68,59 
CC2 Prealert+MO 1765,2 350,2 74,2 78,81 
CC2 Alert 1473,9 375,7 167,2 55,50 
CC2 Alert+MO 1473,9 375,7 70,8 81,16 
CC2 Emergency 982,6 388,7 200,9 48,31 
CC2 Emergency+MO 982,6 388,7 48,28 87,58 
 

Figure 94 has been developed from data in the previous table for better understanding of 

results. The blue line in the figure represents total supply in the basin; the figure shows three 

similar patterns along the series, this pattern is representing each of the climate scenarios and 

the three different drought stages in each of the climate scenarios. We can observe that 

absolute values of supply decrease from the first scenario to the second and the third one.  

 The orange line, in contrast, represents total demands in the basin and follows a constant 

increase according to the results obtained from the application of the crop water requirement 

model. The projected decreases of precipitation and increases of temperature for the different 

scenarios results in a constant increase of water requirements for crops that have an impact 

on the level of unmet demands. 

The red line in the figure represents this mentioned level of total unmet demand, in this first 

figure all demand sites, regulated and non‐regulated are included. The highest peaks represent 

the level of unmet demand for the different drought stages under the three climate scenarios 
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when no management measures are adopted and the immediate decrease of those peaks 

represent the same scenario when management measures are adopted. It is interesting to 

notice how the system’s capacity to recover is lower as more strict climate scenarios are 

applied; under current climate conditions the application of demand management options 

leads to a nearly complete recovery of the system, while in the climate change 2 scenario the 

level of unmet demand never reaches values below 50 hm3. These results can be interpreted 

as an adequate management planning for current conditions but not applicable to climate 

change scenarios, where the system would suffer important failures during drought periods.   
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Figure 94 Aggregated analysis of drought management in the Tiétar basin 

The same analysis has been developed taking into account only regulated demand sites, which 

are the ones that are really affected by the operation rules of the system. Attending at table 41 

and figure 95 we can appreciate clear differences with the previous graph. In the current 

climate scenario the application of management measures always leads to 100% of demand 

coverage and for the other two climate scenarios unmet demand never goes back to zero, but 

it is, in every case, significantly lower than in the previous case. Again, these results, show how 

current management might be applicable for current conditions but ineffective for potential 
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changes in climate, especially in the case of climate change affecting winter and summer 

precipitations in different proportions. 

Table 41 Aggregated analysis of drought management in the Tiétar basin for regulated sites 

Scenario Suply (hm3) Demand (hm3)  Unmet demand (hm3) Demand coverage (%) 
CC0 Ref 2211.7 250.9 0 100.00 
CC0 Prealert 2004.7 265.9 3.33 98.75 
CC0 Prealert+MO 2004.7 265.9 0 100.00 
CC0 Alert 1658.8 279.6 33.34 88.08 
CC0 Alert+MO 1658.8 279.6 0 100.00 
CC0 Emergency 1105.8 289.2 67.3 76.73 
CC0 Emergency+MO 1105.8 289.2 0 100.00 
CC1 Ref 2022.8 308.2 16.5 94.65 
CC1 Prealert 1840.5 320.3 39.05 87.81 
CC1 Prealert+MO 1840.5 320.3 18.02 94.37 
CC1 Alert 1517.1 343.7 94.1 72.62 
CC1 Alert+MO 1517.1 343.7 19.99 94.18 
CC1 Emergency 1011.4 355.5 123.9 65.15 
CC1 Emergency+MO 1011.4 355.5 15.65 95.60 
CC2 Ref 1965.2 336.8 30.5 90.94 
CC2 Prealert 1765.2 350.2 80 77.16 
CC2 Prealert+MO 1765.2 350.2 51.6 85.27 
CC2 Alert 1473.9 375.7 127.8 65.98 
CC2 Alert+MO 1473.9 375.7 49.6 86.80 
CC2 Emergency 982.6 388.7 153.1 60.61 
CC2 Emergency+MO 982.6 388.7 27.6 92.90 
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Figure 95 Aggregated analysis of drought mangement in the Tiétar basin 

11.5  Aggregated analysis for modified water requirements 

According to the obtained results it is interesting to analyse alternative scenarios  for 

management rules or for total demand variations to evaluate the changes in drought and 

climate change impacts on water resources. Due to the restricting conditions of the basin it 

could seem appropriate to modify drought identification thresholds to start taking action 

earlier than in current conditions; however, the change to more limiting drought identification 

thresholds for this system would imply a higher frequency of demand restrictions that would 

produce important economic impacts on agricultural activities and farmers and on general 

rural population welfare.  

In this case it could be interesting to analyse the consequences of other permanent 

modifications that reduce general water requirements in the long term and modify the 

operation range of the system from a high failure risk range to a lower one. The proposed 

scenario implies a reduction of a 20% in all agricultural demand sites in the system and all 

scenarios. Table 42 summarizes the modified values for agricultural demand sites in the basin 

for the different drought phases under current and climate change conditions. 
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Table 42 Modified water requirements for agricultural demand sites in the Tiétar basin. 

Consumption (hm3)          
Demand site CC0 CC0A CC0E CC1 CC1A CC1E CC2 CC2A CC2E 
RPTietCab 14,33 16,05 16,62 17,77 19,90 20,61 19,49 21,82 22,60 
RP Guadyerbas 0,66 0,73 0,76 0,81 0,91 0,94 0,89 1,00 1,03 
RP Aar Rosarito 11,03 12,36 12,80 13,68 15,32 15,87 15,00 16,80 17,40 
RP Alardos 7,75 8,68 8,99 9,61 10,77 11,15 10,54 11,81 12,23 
ZR Tiétar MDI 12,50 14,00 14,50 15,50 17,35 17,97 16,99 19,03 19,71 
ZR Tiétar MDII 15,70 17,58 18,21 19,46 21,80 22,58 21,35 23,91 24,76 
ZR Tiétar MDIII 6,91 7,74 8,02 8,57 9,60 9,94 9,40 10,53 10,90 
ZR Tiétar MII 21,14 23,68 24,53 26,22 29,36 30,41 28,76 32,21 33,36 
ZR Tiétar MIII 30,72 34,41 35,64 38,09 42,66 44,19 41,78 46,79 48,46 
RP Ros‐Smaria 2,83 3,17 3,29 3,51 3,93 4,07 3,85 4,31 4,47 
RP Alcañizo 2,57 2,88 2,98 3,18 3,57 3,69 3,49 3,91 4,05 
RP Smaria 0,62 0,70 0,72 0,77 0,87 0,90 0,85 0,95 0,98 
RP Smaria Caraba 23,14 25,91 26,84 28,69 32,13 33,28 31,46 35,24 36,50 
ZR Peraleda mata 7,84 8,78 9,09 9,72 10,89 11,28 10,66 11,94 12,37 
ZR Valdecañas 5,29 5,92 6,13 6,56 7,34 7,61 7,19 8,05 8,34 
RP Caraba‐Tor‐Tiet 26,90 30,13 31,21 33,36 37,36 38,70 36,59 40,98 42,44 
RP Caraba  8,14 9,12 9,45 10,10 11,31 11,71 11,08 12,40 12,85 
RP BTiétar 5,74 6,42 6,65 7,11 7,97 8,25 7,80 8,74 9,05 

 

Table 43 and figure 96 represent the aggregated results including all demand sites for the 

modified total demand in the Tiétar basin; comparing this figure with figure 94 we can 

appreciate a clear decrease in the values of unmet demand for every scenario, with a 

maximum for the emergency scenario under the most restrictive climate change scenario that 

reaches 130 hm3, while in the previous case this value rose up to 200 hm3. 

In general, the impacts caused by drought events in all 3 climate scenarios show a lower 

variability than results with current demand levels and both in the current climate scenario 

and in climate change 1 scenario the system is able to recover from drought impacts to 

acceptable levels above 90% of demand coverage for each drought stage. 
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Table 43 Aggregated analysis of drought management in the Tiétar basin for modified water 
requirements 

Scenario Suply (hm3) Demand (hm3)  Unmet demand (hm3) Demand coverage (%) 
CC0 Ref 2211,7 198,3 3,27 98,35 
CC0 Prealert 2004,7 203,4 8,41 95,87 
CC0 Prealert+MO 2004,7 203,4 5,67 97,21 
CC0 Alert 1658,8 226,2 17,10 92,44 
CC0 Alert+MO 1658,8 226,2 6,02 97,34 
CC0 Emergency 1105,8 233,9 50,03 78,61 
CC0 Emergency+MO 1105,8 233,9 5,9 97,48 
CC1 Ref 2022,8 236,8 5,32 97,75 
CC1 Prealert 1840,5 249,1 21,22 91,48 
CC1 Prealert+MO 1840,5 249,1 10,57 95,76 
CC1 Alert 1517,1 277,5 68,62 75,27 
CC1 Alert+MO 1517,1 277,5 10,48 96,22 
CC1 Emergency 1011,4 286,9 101,2 64,73 
CC1 Emergency+MO 1011,4 286,9 9,57 96,66 
CC2 Ref 1965,2 251,63 13,26 94,73 
CC2 Prealert 1765,2 272 52,96 80,53 
CC2 Prealert+MO 1765,2 272 24,46 91,01 
CC2 Alert 1473,9 303,1 101,3 66,58 
CC2 Alert+MO 1473,9 303,1 25,85 91,47 
CC2 Emergency 982,6 313,5 132,5 57,74 
CC2 Emergency+MO 982,6 313,5 12,73 95,94 

 

0

20

40

60

80

100

120

140

0

500

1000

1500

2000

2500

hm
3,

%

hm
3

Aggregated analysis of drought management in the Tiétar basin

Supply Demand Unmet demand Demand coverage

 

Figure 96 Aggregated analysis of drought management in the Tiétar basin for modified water 

requirements 
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The analysis of regulated demand sites presented in table 44 and figure 97 shows a significant 

reduction in the level of unmet demands for all climate scenarios. Under current climate 

conditions there is no impact on these sites for the reference and prealert situations and a 

relatively small impact for the other two stages of drought, which are reduced to zero by 

adopting drought mitigation measures. For the two climate change scenarios there are some 

impacts on regulated demand sites but in comparison to the results with current total demand 

they are much smaller. A reduction of 20% in total agricultural demands results in a decrease 

of more than 50% for unmet demand levels during drought events.  
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Table 44 Aggregated analysis of drought management in the Tiétar basin for regulated demand sites 
and modified water requirements 

Scenario Suply (hm3) Demand (hm3)  Unmet demand (hm3) Demand coverage (%) 
CC0 Ref 2211,7 250,9 0 100,00 
CC0 Prealert 2004,7 203,4 0 100,00 
CC0 Prealert+MO 2004,7 203,4 0 100,00 
CC0 Alert 1658,8 226,2 5,62 97,52 
CC0 Alert+MO 1658,8 226,2 0 100,00 
CC0 Emergency 1105,8 233,9 21,28 90,90 
CC0 Emergency+MO 1105,8 233,9 0 100,00 
CC1 Ref 2022,8 308,2 0 100,00 
CC1 Prealert 1840,5 249,1 4,46 98,21 
CC1 Prealert+MO 1840,5 249,1 0 100,00 
CC1 Alert 1517,1 277,5 34,31 87,64 
CC1 Alert+MO 1517,1 277,5 0 100,00 
CC1 Emergency 1011,4 286,9 54 81,18 
CC1 Emergency+MO 1011,4 286,9 0 100,00 
CC2 Ref 1965,2 336,8 2,27 99,33 
CC2 Prealert 1765,2 272 24,31 91,06 
CC2 Prealert+MO 1765,2 272 6,69 97,54 
CC2 Alert 1473,9 303,1 54,9 81,89 
CC2 Alert+MO 1473,9 303,1 6,25 97,94 
CC2 Emergency 982,6 313,5 73,4 76,59 
CC2 Emergency+MO 982,6 313,5 0 100,00 
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Figure 97 Aggregated analysis of drought management in the Tiétar basin for regulated demand sites 

and modified water requirements 

11.6  Aggregated analysis for increased water regulation 

An alternative solution to reduce drought impacts on water demand is an increased regulation 

of the system. Increasing the storage capacity of the current reservoirs, there would be a 

higher availability of water. However, the adequate response of the system to these changes 

also depends on the seasonality of precipitations that determine the final availability of water 

resources in the basin. 

In order to analyse the consequences of an increased regulation capacity, the total storage 

capacity of the reservoirs in the basin has been increased by 20%. This value has been selected 

so as to establish a comparison with the previous alternative management measure with a 

20% reduction in total demand. 

Table 45 shows the new values introduced in the water management model for the evaluation 

of this new scenario. 



Results for the Tiétar basin 

 

 
285

Table 45 New values for reservoir capacity in the Tiétar basin 

Reservoir Previous storage 
capacity (hm3) 

New storage capacity 
(hm3) 

New elevation (m) 

Navalcán 34 40.8 371 
Pajarero 0.6 0.72 900 
Rosarito 82 98.4 308.8 
Torrejón‐Tiétar 22 26.4 225 
 

The increased regulation capacity derives in some differences compared to the current 

management strategy, basically attending to the regulated demand sites as would be 

expected. Table 46 and figure 98 show the results obtained from the water management 

model. In this case only the results for regulated sites are presented because these are the 

only ones affected by an increased regulation capacity in the sense it has been applied. There 

is no incorporation of new reservoirs in the basin, but an increased storage capacity of the 

already existing ones. 

Table 46 Aggregated analysis of drought management in the Tiétar basin for increased water 
regulation for regulated demand sites 

Scenario Supply  (hm3) Demand (hm3) Unmet demand (hm3) Demand coverage (hm3) 
CC0 Ref 2211.7 250.9 0 100.00 
CC0 Prealert 2004.7 265.9 3.2 98.80 
CC0 Prealert+MO 2004.7 265.9 0 100.00 
CC0 Alert 1658.8 279.6 30.1 89.23 
CC0 Alert+MO 1658.8 279.6 0 100.00 
CC0 Emergency 1105.8 289.2 67.3 76.73 
CC0 Emergency+MO 1105.8 289.2 0 100.00 
CC1 Ref 2022.8 308.2 16.5 94.65 
CC1 Prealert 1840.5 320.3 38 88.14 
CC1 Prealert+MO 1840.5 320.3 17.3 94.60 
CC1 Alert 1517.1 343.7 87.6 74.51 
CC1 Alert+MO 1517.1 343.7 17.2 95.00 
CC1 Emergency 1011.4 355.5 119.9 66.27 
CC1 Emergency+MO 1011.4 355.5 14.2 96.01 
CC2 Ref 1965.2 336.8 27.7 91.78 
CC2 Prealert 1765.2 350.2 77.6 77.84 
CC2 Prealert+MO 1765.2 350.2 49.9 85.75 
CC2 Alert 1473.9 375.7 121.1 67.77 
CC2 Alert+MO 1473.9 375.7 46.2 87.70 
CC2 Emergency 982.6 388.7 148.7 61.74 
CC2 Emergency+MO 982.6 388.7 26.1 93.29 
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The values and the figure reveal the small reduction of unmet demand levels achieved by a 

20% increase in water regulation capacity. The main reasons for this little difference between 

the two scenarios is mainly the small initial regulation capacity of the basin combined with the 

double role played by the main reservoir in the basin, the Rosarito, that needs to keep very 

low levels of storage during an important season of the year when water need to be stored for 

the summer irrigation campaign. 

The differences observed with the current management are really not significant attending to 

the aggregated values for all demand sites in the basin. 
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Figure 98 Aggregated analysis of drought management in the Tiétar basin with increased water 

regulation for regulated demand sites 
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12   Operational management under baseline, 

drought and climate change scenarios in the 

Alagón river basin 

12.1Current climate 

12.1.1 Reference scenario 

Supply analysis 

Average years in the Alagón basin show a very similar distribution of inflows to the one in the 

Tiétar basin, with higher values during the winter and lower values during spring and summer, 

coinciding with the highest demands. The inflows of the Alagón headflow are significantly 

higher than the rest of the inflows (Figure 99), which are only one fourth of the Alagón 

headflow or even less. Also in parallel to the Tiétar basin, water requirements reach a 

maximum during the hot months of the summer coinciding with the lowest levels of 

precipitation (Figure 100). The main difference with the Tiétar basin is the regulation capacity 

of this system, the following analysis of drought impacts on the level of demand satisfaction 

will help us define the importance of regulation capacity for the system. 
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Figure 99 Headflows in the Alagón river basin in the reference scenario  

Demand analysis 
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Figure 100 Headflows in the Alagón river basin in the reference scenario  

 



Results for the Alagón basin 

 

 
289

12.1.2 Drought scenario 

Supply analysis 

In order to facilitate comparisons between the two basins, the same sequence and definition 

of years has been applied to the Alagón basin. This sequence is shown in Figure 101, where we 

can see the clear difference between normal, wet, dry and very dry years. In this case it is the 

Alagón headflow that comprises the majority of the natural supply to the system, with a clear 

difference to the rest of the tributaries that show supplies of around one fourth of the Alagón 

inflow. Climate change scenarios will be analysed and these differences between years, rivers 

and seasons will be further explained. 
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Figure 101 Headflows in the Alagón river basin in the drought scenario  

Demand analysis 

Prealert 

The same analysis has been carried out for the Alagón basin. Even if non‐regulated demand 

sites are not considered in the analysis, as in the first case, they are also integrated in the 

Figure. These results are shown in Figure 102. The prealert scenario under current climate 
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conditions shows one month of unmet demand for one  demand site in the Alagón. The 

adoption of voluntary demand reduction options does show an impact on the decrease of the 

unmet demand level (Figure 103).  
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Figure 102 Unmet demand in the Alagón river basin in the reference prealert scenario 
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Figure 103 Unmet demand in the Alagón river basin in the reference prealert scenario + Management 

options 
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Alert 

In the alert scenario the irrigation area of the upper course of the Alagón is again the only one 

that presents water deficits. All other demand sites have no problem to be satisfied during 

alert periods. For the same historical series and the same increases and decreases in annual 

precipitation, we can already observe a difference between the two study areas; the higher 

regulation capacity of the Alagón basin ensures demand supply even during very dry years as 

shown by these results (figure 104). The adoption of demand management measures in this 

scenario again reduces unmet demand levels to affect only this non regulated site of the upper 

course of the Alagón, avoiding further shortages in regulated sites (Figure 105). 
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Figure 104 Headflows in the Alagón river basin in the reference alert scenario  
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Figure 105 Headflows in the Alagón river basin in the reference alert scenario + Management options  

Emergency 

Again in the emergency scenario we can observe a higher level of unmet demand than for the 

alert scenario, but again limited to the non‐regulated area in the upper course of the Alagón 

and again, the application of mitigation measures limits the impacts of drought events to lower 

levels of unmet demand in this one single non‐regulated site to even lower levels than in the 

previous scenario due to the strict management measures adopted in this situation (Figures 

106 and 107). 
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Figure 106 Headflows in the Alagón river basin in the reference emergency scenario  
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Figure 107 Headflows in the Alagón river basin in the reference emergency scenario + Management 

options 
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12.2Climate change 1 

12.2.1 Current accounts scenario 

Supply analysis 

As explained in the Tiétar case study this first climate change scenario implies a reduction of 

inflows in a constant proportion along the year and all years in the analysed series have equal 

monthly distribution. As established by the IPCC projections in the, 2007 Fourth Assessment 

Report the reduction is equal to 12% of the average inflow values for the historical series. 

Figure 108 shows the distribution of inflows for all tributaries in the Alagón basin. In 

comparison with average values for the current climate scenario a clear decrease in inflows 

can be observed in all cases. Also water requirements for irrigation result in higher values due 

to the generalised decrease in precipitation (Figure 109).  
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Figure 108 Headflows in the Alagón river basin in the CC1 reference scenario  
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Figure 109 Water requirements in the Alagón river basin in the CC1 reference scenario 

 

12.2.2 Climate change and drought extreme event scenario 

Supply analysis 

Figure 110 represents the sequence proposed for drought scenarios in the Alagón basin under 

the first scenario of climate change. Also in this case drought characterization for the climate 

change scenarios shows the same reduction in inflow values as in current climate droughts. 

Even if these events might show higher impacts on precipitation decreases under climate 

change conditions, as exposed in the presentation of climate change scenarios for the Tiétar 

basin, we will analyse the effect of drought events with the same intensity as current drought 

episodes as an attempt to evaluate potential drought impacts in the future. 
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Figure 110 Headflows in the Alagón river basin in the CC1 drought scenario  

Demand analysis 

Prealert 

The prealert drought stage for the Alagón basin shows an important impact on the capacity of 

the upper course of the Alagón demand site to satisfy agricultural requirements in an 

important amount and starting earlier than the impacts observed in this same scenario under 

current climate conditions. In this occasion, the adoption of management measures does not 

reach an important effect on the reduction of impacts, probably due to the magnitude of the 

impacts of drought at this stage and the small reduction of demands foreseen, only a 5% for 

urban demands and a 15% for agricultural demands (Figures 111 and 112). 
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Figure 111 Unmet demands in the Alagón river basin in the CC1 prealert scenario 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Unmet demands in the CC1 Prealert Scenario + MO. Alagón (hm3) 

Ab. Medio 
Alagon
Ab. Valdeobispo

Bejar

Hervás

Plasencia

RP Alag Cab

RP Bajo Alagón

RP Cab Jerte

ZR AlagMD

 

Figure 112 Unmet demands in the Alagón river basin in the CC1 prealert scenario + Management 

options 
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Alert 

Similar results are shown in Figure 113 for the alert scenario. The impacts on the only affected 

non‐regulated site reaches levels similar to those of the emergency scenario under current 

climate conditions and again the application of management measures reduces significantly 

this impact, concentrating unmet demand in two months in the summer and in lower levels 

than for the scenario with no adopted measures (Figure 114). 
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Figure 113 Unmet demands in the Alagón river basin in the CC1 alert scenario 
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Figure 114 Unmet demands in the Alagón river basin in the CC1 alert scenario + Management options 

Emergency 

In the emergency stage of drought, the unmet demand for the upper course of the Alagón 

demand site is nearly 100% for August, however, even in this constraining scenario no 

regulated demand sites suffer any shortages. The same scenario in the Tiétar basin already 

showed important impacts for most of the regulated demand sites during the spring and 

summer months. The adoption of management measures reduces the level of impacts again to 

similar levels as in the alert scenario under current climate conditions (Figures 115 and 116). 
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Figure 115 Unmet demands in the Alagón river basin in the CC1 emergency scenario 
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Figure 116 Unmet demands in the Alagón river basin in the CC1 emergency scenario + Management 

options 
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12.3  Climate change 2 

12.3.1 Current accounts scenario 

Supply analysis 

The second climate change scenario limits summer inflow to less than an 80% of average 

values, with not so important decreases for winter precipitation. The regulation capacity of a 

system plays an essential role in this scenario because the system is much more dependant on 

storage capacity of those months’ inflows to satisfy the high demands of the summer, which 

are also higher than for any of the previous scenarios as shown in figure 117.  
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Figure 117 Headflows in the Alagón river basin in the CC2 reference scenario  
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Demand analysis 
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Figure 118 Water requirements in the Alagón river basin in the CC2 reference scenario 

12.3.2 Climate change and drought extreme event scenario 

Supply analysis 

Figure 119 shows again the distribution of inflows for all the tributaries of the Alagón under 

severe climate change conditions. As in previous cases we can appreciate clearly the 

differences between a wet year like the third one in the series and a very dry year like the fifth 

year of the series. 
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Figure 119 Headflows in the Alagón river basin in the CC2 drought scenario  

Demand analysis 

Prealert 

In the Prealert scenario of the most severe climate change scenario proposed for the analysis, 

still no regulated demands are affected by drought periods. The impacts in this scenario 

reduce the capacity to supply nearly 50% of the required resources to the same non‐regulated 

demand on the upper course of the river (Figure 120). The adoption of management measures 

in this case reduces slightly the total amount of unmet demand for the site, especially for the 

beginning of the summer season. 
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Figure 120 Unmet demand in the Alagón river basin in the CC2 prealert scenario 
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Figure 121 Unmet demand in the Alagón river basin in the CC2 prealert scenario + Management 

options 



Results for the Alagón basin 

 

 
305

Alert 

There is a significant increase of impacts for the same non‐regulated demand site under alert 

conditions in this modified climate scenario, reaching up to nearly 80% of the total demand for 

the site. However, regulated sites still remain invulnerable to such decreases of precipitation 

and inflows due to the regulation capacity of the system that is able to regulate nearly two 

times the total annual demand of the whole basin. The adoption of measures at this stage of 

drought implies a reduction of a 15% for urban demands and a 35% for agricultural demands in 

an attempt to prevent potential further impacts in the case of drought intensification.  The 

reduction of impacts is significant with the adoption of such measures (Figures 1221 and 123). 
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Figure 122 Unmet demand in the Alagón river basin in the CC2 alert scenario 
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Figure 123 Unmet demand in the Alagón river basin in the CC2 alert scenario + Management options 

Emergency 

The most severe scenario proposed for this basin shows some small impacts, always lower 

than 1 hm3, for some regulated demands in the lower course of the river, these are the 

demand sited dependant on the irrigation conductions that derive water from the river Jerte 

and the Valdeobispo reservoir. However, just like in all previous scenarios, the adoption of 

alternative management measures in this case reduces again the unmet demand level to a 

minimum, only affecting the non‐regulated site of the upper course of the Alagón (Figures 124 

and 125). 
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Figure 124 Unmet demands in the Alagón river basin in the CC2 emergency scenario 
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Figure 125 Unmet demands in the Alagón river basin in the CC2 emergency scenario + Management 

options 
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12.4  Aggregated analysis 

The same aggregated analysis developed for the Tiétar basin is carried out for the Alagón, 

showing significantly different results that lead to interesting conclusions. As represented in 

table 47 and figure 126, the Alagón appears as a very resistant system to drought impacts. As 

shown in the figure, the level of unmet demands is very low in comparison to the Tiétar 

system, never reaching values higher than 15 hm3 for the most constraining scenario. Demand 

coverage is therefore always very close to 100%. From these results we could conclude that 

current management in this basin is appropriate for current climate conditions and potential 

changes. 

Table 47 Aggregated analysis of drought management in the Alagón basin 

Scenario Suply (hm3) Demand (hm3)  Unmet demand (hm3) Demand coverage (%) 
CC0 Ref 1990,9 382,92 2,98 99,22 
CC0 Prealert 1990,9 382,92 3,51 99,08 
CC0 Prealert+MO 1990,9 382,92 2,61 99,32 
CC0 Alert 1493,1 394,05 5,73 98,55 
CC0 Alert+MO 1493,1 394,05 2,16 99,45 
CC0 Emergency 995,42 423,68 9,28 97,81 
CC0 Emergency+MO 995,42 423,68 2,12 99,50 
CC1 Ref 1791,7 427,4 4,81 98,87 
CC1 Prealert 1791,7 427,4 5,29 98,76 
CC1 Prealert+MO 1791,7 427,4 3,5 99,18 
CC1 Alert 1343,8 439,8 8,32 98,11 
CC1 Alert+MO 1343,8 439,8 2,87 99,35 
CC1 Emergency 895,9 472,3 11,1 97,65 
CC1 Emergency+MO 895,9 472,3 3,24 99,31 
CC2 Ref 1772,5 442,2 8,93 97,98 
CC2 Prealert 1772,5 442,2 9,16 97,93 
CC2 Prealert+MO 1772,5 442,2 6,95 98,43 
CC2 Alert 1329,4 455 9,64 97,88 
CC2 Alert+MO 1329,4 455 4,25 99,07 
CC2 Emergency 886,2 489,4 14,76 96,98 
CC2 Emergency+MO 886,2 489,4 4,45 99,09 
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Figure 126 Aggregated analysis of drought management in the Alagón basin 

The same analysis is repeated once more taking into account only regulated sites. Table 48 and 

figure 127 show the resulting values for this analysis. The demand coverage in this case is 

100% for every single scenario except for the emergency drought stage in the Climate Change 

2 scenario, which is the most constraining situation the system has been tested in. The 

conclusion derived from this analysis is that the Alagón system is very robust under all the 

scenarios tested and that demand management options under drought scenarios might be too 

constraining for this system. Either the definition of drought events or the measures 

associated to them could be relaxed in order to minimise the economic impacts that could be 

caused by the imposed demand restrictions. 
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Table 48 Aggregated analysis of drought management in the Alagón basin for regulated demands 

Scenario Suply (hm3) Demand (hm3)  Unmet demand (hm3) Demand coverage (%) 
CC0 Ref 1990,9 382,92 0 100,00 
CC0 Prealert 1990,9 382,92 0 100,00 
CC0 Prealert+MO 1990,9 382,92 0 100,00 
CC0 Alert 1493,1 394,05 0 100,00 
CC0 Alert+MO 1493,1 394,05 0 100,00 
CC0 Emergency 995,42 423,68 0 100,00 
CC0 Emergency+MO 995,42 423,68 0 100,00 
CC1 Ref 1791,7 427,4 0 100,00 
CC1 Prealert 1791,7 427,4 0 100,00 
CC1 Prealert+MO 1791,7 427,4 0 100,00 
CC1 Alert 1343,8 439,8 0 100,00 
CC1 Alert+MO 1343,8 439,8 0 100,00 
CC1 Emergency 895,9 472,3 0 100,00 
CC1 Emergency+MO 895,9 472,3 0 100,00 
CC2 Ref 1772,5 442,2 0 100,00 
CC2 Prealert 1772,5 442,2 0 100,00 
CC2 Prealert+MO 1772,5 442,2 0 100,00 
CC2 Alert 1329,4 455 0 100,00 
CC2 Alert+MO 1329,4 455 0 100,00 
CC2 Emergency 886,2 489,4 1,78 99,64 
CC2 Emergency+MO 886,2 489,4 0 100,00 
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Figure 127 Aggregated analysis of drought management in the Alagón basin for regulated demands 
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12.5  Aggregated analysis for modified management rules 

As an attempt to evaluate the potential impacts of management modification in the Alagón 

basin to less restrictive options, a new set of scenarios has been developed changing the levels 

of demand restriction in the different drought stages. In the prealert level no restrictions have 

been imposed neither on urban nor agricultural total demands, in the alert scenarios, the same 

reductions associated to the prealert stage have been adopted (5% reduction for urban 

demands and 15% reduction for agricultural demands) and for the emergency stage a 15% 

reduction has been adopted for urban demands and a 35% for agricultural demands, which are 

the reduction levels currently associated to the alert stage. Results including all demand sites 

are summarised and represented in table 49 and figure 128. Only total supply and unmet 

demand levels have been included in the figure in order to appreciate more clearly the 

variation magnitudes. Again, the blue line represents the total supply in hm3 but the drought 

stages scenarios are duplicated in order to incorporate both the current management and the 

modified management. The figure shows how for each of the analysed scenarios the level of 

unmet demand with modified management is higher than for current management but these 

levels never get to be higher than 15 hm3, all the variations are very small if compared to 

current management levels. 
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Table 49 Aggregated analysis of drought management in the Alagón basin with modified management 

Scenario Suply (hm3) Demand (hm3)  Unmet demand (hm3) Demand coverage (%) 
CC0 Ref 1990,9 382,92 2,98 99,22 
CC0 Prealert 1990,9 382,92 3,56 99,07 
CC0 Prealert+MO2 1990,9 382,92 3,56 99,07 
CC0 Alert 1493,1 394,05 5,73 98,55 
CC0 Alert+MO2 1493,1 394,05 3,71 99,06 
CC0 Emergency 995,42 423,68 9,28 97,81 
CC0 Emergency+MO2 995,42 423,68 4,28 98,99 
CC1 Ref 1791,7 427,4 4,81 98,87 
CC1 Prealert 1791,7 427,4 5,29 98,76 
CC1 Prealert+MO2 1791,7 427,4 5,29 98,76 
CC1 Alert 1343,8 439,8 8,32 98,11 
CC1 Alert+MO2 1343,8 439,8 5,8 98,68 
CC1 Emergency 895,9 472,3 11,1 97,65 
CC1 Emergency+MO2 895,9 472,3 5,63 98,81 
CC2 Ref 1772,5 442,2 8,93 97,98 
CC2 Prealert 1772,5 442,2 7,25 98,36 
CC2 Prealert+MO2 1772,5 442,2 7,25 98,36 
CC2 Alert 1329,4 455 9,64 97,88 
CC2 Alert+MO2 1329,4 455 7,33 98,39 
CC2 Emergency 886,2 489,4 14,76 96,98 
CC2 Emergency+MO2 886,2 489,4 6,97 98,58 
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Figure 128 Aggregated analysis of drought management in the Alagón basin with modified 

management  
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The last analysis, represented in table 50 and figure 129, includes only regulated demands. In 

this case only the emergency scenario under the most constraining climate scenario shows an 

impact on water requirements, reaching only 1,78 hm3 of unmet demand. These results prove 

that this particular system could be managed under not so strict alternative options during 

drought periods or also that drought identification thresholds could be relaxed in relation to 

the Tiétar basin. This modification would certainly retrieve important social and economic 

paybacks for the system.  
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Table 50 Aggregated analysis of drought management in the Alagón basin with modified management 
for regulated demands 

Scenario Suply (hm3) Demand (hm3)  Unmet demand (hm3) Demand coverage (%) 
CC0 Ref 1990,9 382,92 0 100,00 
CC0 Prealert 1990,9 382,92 0 100,00 
CC0 Prealert+MO 1990,9 382,92 0 100,00 
CC0 Alert 1493,1 394,05 0 100,00 
CC0 Alert+MO2 1493,1 394,05 0 100,00 
CC0 Emergency 995,42 423,68 0 100,00 
CC0 Emergency+MO2 995,42 423,68 0 100,00 
CC1 Ref 1791,7 427,4 0 100,00 
CC1 Prealert 1791,7 427,4 0 100,00 
CC1 Prealert+MO2 1791,7 427,4 0 100,00 
CC1 Alert 1343,8 439,8 0 100,00 
CC1 Alert+MO2 1343,8 439,8 0 100,00 
CC1 Emergency 895,9 472,3 0 100,00 
CC1 Emergency+MO2 895,9 472,3 0 100,00 
CC2 Ref 1772,5 442,2 0 100,00 
CC2 Prealert 1772,5 442,2 0 100,00 
CC2 Prealert+MO2 1772,5 442,2 0 100,00 
CC2 Alert 1329,4 455 0 100,00 
CC2 Alert+MO2 1329,4 455 0 100,00 
CC2 Emergency 886,2 489,4 1,78 99,64 
CC2 Emergency+MO2 886,2 489,4 0 100,00 
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Figure 129 Aggregated analysis of drought management in the Alagón basin with modified 

management for regulated demands
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13   Final conclusions 

13.1  Results discussion 

The analysis of drought and climate change impacts on water resources in the two study areas 

reveals important differences among them that lead to differential proposals for management 

alternatives.  

As explained in the description and characterization of the study areas, the Tiétar system 

operates in a high failure risk range, with higher total water demands than the current 

regulation capacity. This fact can be clearly appreciated in the results obtained from the 

application of the integrated water management model, with high levels of uncontrolled 

unmet demands for all drought stages under all climate conditions when taking into account 

regulated and non‐regulated demands. The analysis of only regulated demands shows the 

capacity of the system to control unmet demands for every drought stage under current 

climate conditions; however, impacts foreseen for potential changes in climate are significant 

for all stages of drought. In this case the alternative management that could be proposed for 

the area would be to adopt stricter drought identification measures, more strict demand 

reduction levels using the same drought identification thresholds or taking longer term 

management measures at the basin level that would reduce permanently the general total 

agricultural demand in the basin. This last option is the one that has been selected as most 

adequate because the modification of drought identification thresholds or the imposition of 

stricter demand restrictions would have important impacts on the general social and economic 

aspects of the basin. A 20% permanent reduction for agricultural demand has been applied for 

every climate scenario resulting in important decreases, much higher than 20% of uncontrolled 

unmet demand levels for all cases. According to these results, it could be concluded that a 

permanent reduction of agricultural water demands in the basin is an adequate measure to 

face drought events under current and climate change conditions. The alternative 

management proposed for the Tiétar basin with a proportional increase in water regulation 

capacity, underlines this result even more. The 20% increase of storage capacity of the 
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reservoirs in the basin does not lead to a significant reduction of the unmet demand level due 

to the characteristics of the current management system and the double role played by 

reservoirs in the basin as irrigation storage and flood control instruments at the same time. 

In the Tiétar basin also other type of measures could be analysed based on the modified use of 

the regulation infrastructure; for example, reservoirs located in the lower course of the river 

could also be used as storage and pumped up to the irrigation areas during periods of water 

deficit. 

Drought events in the Alagón basin are very low when taking into account regulated and non 

regulated demand, but they are nearly non existent when only considering regulated 

demands. These results are similar for current climate conditions as well as for the two 

analysed climate change scenarios. Management measures currently adopted during drought 

periods include a 50% reduction of urban and agricultural demands for the emergency phase; 

this reduction has an important economic effect on agricultural activity and can generate 

serious social conflicts. Therefore it seems reasonable to analyse alternative management 

strategies that relax the demand reduction requirements for the drought phases in this system 

or a change of drought identification thresholds to start taking measures in more advanced 

stages of drought. The alternative analysed in this study is a rearrangement of the reduction 

demand levels associated to the different drought stages, taking no special measures in the 

prealert phase, a reduction of 5% for urban demand and 15% for agricultural demand in the 

alert stage and a 15% reduction for urban demand and 35% for agricultural demand in the 

emergency phase. The results obtained for this analysis prove the system to be perfectly able 

to overcome drought events of every intensity for current climate and CC1 scenario, showing 

some uncontrolled unmet demand for the most restrictive climate change scenario in the 

emergency stage of drought. According to these results it could be concluded that 

management alternatives can be modified attending to the configuration of this particular 

system in order to avoid unnecessary economic impacts on agricultural activities. 

It is important to notice that the Alagón basin counts on a hydropower generation station that 

is also an important user of water resources and that has not been explicitly modelled in this 

study due to the complex operation rules; this component could imply important changes in 

the results obtained and should be included in further analysis. 
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In both cases it is also important to notice that when talking about unment demands with no 

mitigation measures the graphs show the total unmet demands, but when dealing with the 

scenarios when mitigation measures have been adopted, the unmet demands shown in the 

graphs should be added to a particular percentage of demand that has already been reduced 

through the application of management rules; for the first stages of drought these measures 

are based on voluntary reductions of demand or low cost exceptional measures, but in the 

case of emergeny, measures themselves already impose a serious stress on the system and 

water users with demand restrictions that reach a 50% both for agricultural and urban 

demand. 

13.2  Conclusions 

The main conclusions derived from the results and process of this study are summarised here. 

The application of a set of indicators based on precipitation or inflow values supports the 

effective identification of drought periods and the trigger of management alternatives that 

reduce the impacts of drought on the system and the associated economic activities. The 

selection of such indices according to the particular configuration of the system determines 

the effectiveness of the alternative management to overcome drought periods with the 

minimum impact on the system.  

The results from the application of the model have revealed the importance of incorporating 

the regulation capacity of the system into the analysis of drought. Indices based on 

precipitation are very effective and useful for triggering drought mitigation strategies, but the 

thresholds selected for the definition of drought intensities vary from one system to another 

depending on the regulation capacity of the system. 

The applied crop models suggest that there is an important increase of crop water 

requirements during dry years, imposing an additional stress on water supply systems during 

these periods. Changes in water demand are generally not included in current drought 

management plans, based uniquely on indices related to the water supply system capacity. 

These increases should be accounted for in the design of water supply management systems in 
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order to minimise the impacts on crop productivity and design adequate exceptional drought 

management measures. 

The analysis of water requirements variations are also interesting because of the potential 

applicability to the selection of alternative crops suitable to the availability of water in the 

system both in the short and the long term. Studies in this field during normal conditions can 

establish a range of options that farmers can adopt in the case of drought counting on already 

done evaluations and also can be useful as a general land use planning tool to define the 

combination of crops most suitable to the conditions of the basin. 

The two climate change scenarios are very similar in total annual supply and, in some cases, 

CC2 scenario’s total annual supply is even higher than for CC1; however there is an important 

difference in the summer supply, being much lower in the CC2 scenario, this leads to an 

important increase of agricultural water requirements and impacts of drought events are 

much higher. 

The results obtained with the integrated water management model show the impacts that 

climate change can cause on the management of the two basins derived from the differential 

decrease of precipitation during the winter and the summer. The scenario of climate change 

with constant inflow decrease for all seasons shows a smaller impact than the scenario that 

implies bigger decreases of inflow coinciding with the spring and summer when general 

demands are higher. 

The impacts of climate change will be significantly more severe on those systems that are 

currently operating on a high failure risk margin; these systems will need management 

modifications for average conditions in the future while those systems presently operating on 

a low failure risk margin, current management would be adequate for average conditions 

under climate change too. 

The monthly time step used for the analysis in the integrated water management model allows 

for the modification of management options along the hydrological year according to the 

evolution of drought identification indicators, improving the reaction capacity to face drought 

events and reduce the potential impacts of drought on the environmental, economic and 

social aspects. 
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The results obtained for the Tiétar basin reveal the inefficiency of increasing the regulation 

capacity of the system compared to a proportional reduction in total water demand. This is 

mainly due to the initial small regulation capacity of the system and to the flood control role 

played by the main reservoir in the basin that limits the capacity to store water during the 

spring to face the summer irrigation campaign. These results have an important implication for 

water management because water regulation is generally accepted as the most evident 

solution in cases of deficitary water systems, but depending on the characteristics it might not 

be the most efficient solution. 

The application of less restrictive alternative measures for drought management in the Alagón 

basin reveals once more the differential responses between the two case studies and the 

convenience of adopting different management measures for different systems, attending to 

their capacity to face drought events or other constraining conditions such as climate change. 

In the long term, the Alagón basin has proven to be resistant to the hardest simulated 

conditions, while the Tiétar basin shows a high level of failure probability even under current 

climate conditions. Therefore, we could conclude that general management should change in 

the Tiétar basin to face future conditions, while the Alagón basin could still operate under very 

similar management rules. 

The analysis of these two systems also reveals the importance of the seasonality of drought 

events for the decision making process about drought management. In the case of droughts 

developing during the winter months, the reaction period is longer and modifications in 

agricultural demand might be more adequately evaluated. In the case of spring and summer 

drought, demand reduction measures are taken in shorter periods constraining consideration 

of potential adequacy of the adopted measures. This fact underlines the convenience of the 

application of decision support tools like the one presented in this work, for the evaluation of 

every kind of drought event or change in environmental conditions that may cause an impact 

on the availability and distribution of water resources.  
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13.3  Original contributions 

The presented study is not a strict drought analysis with the characteristic probabilistic analysis 

of precipitations and inflow values; the interest of this study lies more on the evaluation of 

drought impacts from the demand side approach. Drought management plans have 

traditionally been developed from the supply point of view, modifying management 

alternatives with the objective of overcoming drought events not disturbing the functioning of 

the system.  

Most of the current drought analyses are developed for current climate scenarios. One of the 

original contributions of this study is the analysis of the effectiveness of current management 

drought strategies under potential changes in general climatic conditions, proposing 

alternative measures for the adaptation of the system’s general operation to such changes. 

Drought events are multidimensional processes that affect a wide range of social, 

environmental and economic aspects simultaneously; this characteristic requires the 

application of complex anlaysis protocols that integrate as many aspects as possible. This study 

is an attempt to tackle previous limitations of drought analysis by integrating climatic, 

hydrological, agricultural and operationsl aspects. 

13.4  Future research lines 

The development of this study has also revealed some potential research options that would 

be interesting to explore in detail and that were not covered in this study due to the 

magnitude of the work. Some of these potential research activities are listed here. 

Drought and climate change have important negative effects on water supply systems in terms 

of quantity but also in terms of quality. Even if it is not demonstrated through the results of 

the present study, the revision of literature on this issue makes constant reference to the 

relationship between diffuse pollution derived from agriculture and the amount of 

precipitation and soil moisture. The application of nitrogen fertilizers on crops not taking into 

account the total availability of water for irrigation, either by rainfall or regulated irrigation, 

results in an important accumulation of nitrates in the soil that are not used by crops when the 
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conditions are not adequate for average development; this accumulation during dry years 

could cause a higher leaching level during subsequent seasons. The applied integrated water 

management model includes water pollution through BOD values, which are not easily derived 

from nitrates leaching values at the farm level. It would therefore be appropriate to add to the 

defined set of models another one, such as BASINS for the evaluation of water quality during 

and after drought events. The incorporation of such analyses in the integrated water 

management model could be helpful to define optimal fertilizers inputs for crops depending 

on the evolution of drought identification indicators and evaluate the risks of not satisfying 

demands from the quantitative and qualitative point of view. 

The integrated water management model applied in this study also allows for the analysis of 

scenarios defined through other parameters than climatic conditions such as demographic 

growth, policy variations that may imply land use changes or variations in total water demands 

derived from changes in other aspects.  

The proposed structure for the study might be applicable to the design of territorial strategies 

from a strategic perspective, adapting the water use and the level of demands to the real 

availability of resources in the system. 
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Annex 1. CROPWAT results. 
 
1. Crop irrigation demands for all meteorological stations in the Tiétar river basin (average and 
drought years) 
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Station 3426 
Demanda de riego (mm). Maiz. Tietar 3426
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Station 3439 
Water requirements (mm). Maize. Tietar 3439
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2. Crop irrigation demands for all meteorological stations in the Alagón river basin (average 
and drought years) 
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Station 3504 
Demanda de riego (mm). Maiz. Alagón 34504
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Station 3525º 
Demanda de riego (mm). Maiz. Alagón 3525o
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Annex 2. Hydrological series for the water management 
model 
 
Alagón. Average year 
Zone OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP TOT 
1061A 1,76 4,31 7,46 6,86 8,23 6,18 6,63 4,37 1,71 0,41 0,11 0,20 48,22
1061G 2,99 5,22 6,67 6,77 8,82 5,32 5,16 3,58 1,30 0,34 0,13 0,51 46,82
1063B 0,31 0,60 0,78 0,81 1,01 0,66 0,51 0,38 0,13 0,02 0,01 0,04 5,248
1063C 3,15 6,80 8,04 8,72 11,18 8,91 7,13 4,83 1,45 0,26 0,14 0,37 60,99
1064A 5,65 12,71 14,49 15,61 18,96 15,87 10,18 7,94 2,48 0,66 0,22 0,61 105,4

 
 
Alagón. Climate change 1 
Zone OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP TOT 
1061A 1,58 3,88 6,71 6,18 7,40 5,56 5,96 3,93 1,54 0,37 0,09 0,18 43,4
1061G 2,69 4,69 6,00 6,10 7,94 4,79 4,65 3,22 1,17 0,31 0,12 0,46 42,14
1063B 0,28 0,54 0,70 0,72 0,91 0,59 0,46 0,34 0,11 0,02 0,01 0,04 4,723
1063C 2,83 6,12 7,24 7,85 10,06 8,02 6,42 4,34 1,31 0,24 0,12 0,34 54,89
1064A 5,08 11,44 13,04 14,05 17,06 14,29 9,15 7,14 2,23 0,59 0,19 0,55 94,84

 
 
Alagón. Climate change 2 
Zone OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP TOT 
1061A 1,55 3,79 7,01 6,45 7,73 5,19 5,57 3,67 1,30 0,31 0,08 0,17 42,83
1061G 2,63 4,59 6,27 6,37 8,29 4,47 4,34 3,01 0,99 0,26 0,10 0,45 41,77
1063B 0,27 0,53 0,73 0,76 0,95 0,55 0,43 0,32 0,10 0,02 0,01 0,03 4,69
1063C 2,77 5,99 7,56 8,20 10,51 7,48 5,99 4,06 1,10 0,20 0,10 0,33 54,29
1064A 4,97 11,18 13,62 14,67 17,82 13,33 8,55 6,67 1,89 0,50 0,17 0,54 93,92

 
 
 
Tiétar. Average year 
Zone OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP TOT 
0951A 5,05 14,69 21,25 24,26 27,00 20,62 16,87 11,74 4,97 1,83 1,18 1,28 150,74
0952A 1,82 4,29 5,32 4,95 5,09 4,70 4,63 3,35 1,31 0,36 0,17 0,25 36,24
0952C 9,82 25,51 34,67 37,27 40,86 32,67 29,21 19,95 8,37 2,81 1,69 1,99 244,82
0953A 2,40 5,21 5,19 4,48 4,89 4,94 5,47 4,70 1,86 0,40 0,14 0,31 39,99
0953B 1,81 3,57 3,76 3,23 3,57 3,46 3,73 3,02 1,17 0,25 0,09 0,27 27,95
0953D 31,99 72,93 100,94 109,40 122,01 92,97 81,52 58,42 21,54 6,29 3,80 5,93 707,75
0953C 1,79 3,54 3,39 3,11 3,31 3,31 3,63 3,13 1,10 0,19 0,09 0,38 26,98
0953D 31,99 72,93 100,94 109,40 122,01 92,97 81,52 58,42 21,54 6,29 3,80 5,93 707,75
0953E 4,47 8,93 9,52 9,35 10,67 9,75 10,10 7,64 2,60 0,57 0,28 0,82 74,71
 
 
 



Tiétar. Climate change 1 
Zone OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP TOT 
0951A 4,55 13,22 19,12 21,84 24,30 18,56 15,19 10,56 4,48 1,65 1,06 1,15 135,67
0952A 1,64 3,86 4,78 4,45 4,58 4,23 4,16 3,02 1,17 0,32 0,15 0,23 32,62
0952C 8,84 22,96 31,20 33,54 36,78 29,40 26,29 17,96 7,54 2,53 1,52 1,79 220,34
0953A 2,16 4,69 4,67 4,03 4,40 4,44 4,93 4,23 1,68 0,36 0,13 0,28 35,99
0953B 1,63 3,21 3,39 2,91 3,22 3,11 3,35 2,72 1,05 0,23 0,09 0,25 25,15
0953D 28,79 65,64 90,84 98,46 109,81 83,67 73,37 52,58 19,38 5,66 3,42 5,34 636,97
0953C 1,61 3,18 3,06 2,80 2,98 2,98 3,27 2,82 0,99 0,17 0,08 0,34 24,28
0953D 28,79 65,64 90,84 98,46 109,81 83,67 73,37 52,58 19,38 5,66 3,42 5,34 636,97
0953E 4,02 8,04 8,57 8,42 9,61 8,77 9,09 6,87 2,34 0,51 0,25 0,74 67,24
 

 
Tiétar. Climate change 2 
Zone OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP 
0951A 4,445 12,93 19,97 22,81 25,38 17,32 14,17 9,859 3,78 1,393 0,896 1,123
0952A 1,602 3,775 4,996 4,653 4,788 3,948 3,886 2,818 0,992 0,274 0,128 0,224
0952C 8,643 22,45 32,59 35,03 38,41 27,44 24,53 16,76 6,364 2,135 1,283 1,755
0953A 2,115 4,581 4,882 4,21 4,596 4,147 4,597 3,946 1,415 0,301 0,107 0,277
0953B 1,592 3,143 3,538 3,037 3,359 2,907 3,131 2,534 0,889 0,193 0,072 0,241
0953D 28,15 64,18 94,88 102,8 114,7 78,09 68,48 49,07 16,37 4,782 2,892 5,219
0953C 1,576 3,114 3,191 2,928 3,114 2,782 3,05 2,633 0,833 0,141 0,067 0,332
0953D 28,15 64,18 94,88 102,8 114,7 78,09 68,48 49,07 16,37 4,782 2,892 5,219
0953E 1,861 4,032 4,589 3,957 4,32 3,483 3,862 3,315 1,076 0,229 0,082 0,244
 
 



Annex 3. Demand sites for the water management 
model 
 
Alagón. Urban demands 
Consumption (hm3)             
Demand site OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP TOT 
Bejar 0,35 0,33 0,33 0,32 0,28 0,31 0,3 0,35 0,37 0,39 0,35 0,36 4,04
Cab. Alagon 0,07 0,06 0,06 0,06 0,05 0,06 0,06 0,06 0,07 0,07 0,07 0,07 0,76
Hervas 0,04 0,03 0,02 0,02 0,02 0,02 0,02 0,04 0,04 0,04 0,04 0,04 0,37
Cab.baños 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,02 0,02 0,14
Ambroz 0,05 0,04 0,04 0,04 0,03 0,03 0,03 0,04 0,04 0,06 0,06 0,05 0,51
Medio Alagon 0,04 0,04 0,04 0,04 0,03 0,03 0,03 0,04 0,04 0,05 0,06 0,05 0,49
Cab. Jerte 0,09 0,09 0,07 0,07 0,07 0,08 0,08 0,09 0,1 0,11 0,11 0,1 1,06
Plasencia 0,41 0,38 0,38 0,38 0,33 0,37 0,36 0,4 0,43 0,43 0,35 0,4 4,62
Valdeobispo 0,05 0,05 0,05 0,05 0,04 0,06 0,05 0,06 0,06 0,07 0,06 0,06 0,66
Consumption (% total consumption)          
Demand site OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP TOT 
Bejar 8,66 8,17 8,17 7,92 6,93 7,67 7,43 8,66 9,16 9,65 8,66 8,91 100,00
Cab. Alagon 9,21 7,89 7,89 7,89 6,58 7,89 7,89 7,89 9,21 9,21 9,21 9,21 100,00
Hervas 10,81 8,11 5,41 5,41 5,41 5,41 5,41 10,81 10,81 10,81 10,81 10,81 100,00
Cab.baños 7,14 7,14 7,14 7,14 7,14 7,14 7,14 7,14 7,14 7,14 14,29 14,29 100,00
Ambroz 9,80 7,84 7,84 7,84 5,88 5,88 5,88 7,84 7,84 11,76 11,76 9,80 100,00
Medio Alagon 8,16 8,16 8,16 8,16 6,12 6,12 6,12 8,16 8,16 10,20 12,24 10,20 100,00
Cab. Jerte 8,49 8,49 6,60 6,60 6,60 7,55 7,55 8,49 9,43 10,38 10,38 9,43 100,00
Plasencia 8,87 8,23 8,23 8,23 7,14 8,01 7,79 8,66 9,31 9,31 7,58 8,66 100,00
Valdeobispo 7,58 7,58 7,58 7,58 6,06 9,09 7,58 9,09 9,09 10,61 9,09 9,09 100,00

 
 
Alagón. Agricultural demands 
Consumption (hm3)             
Demand site OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP TOT 
RP Alag Cab 0,68 0 0 0 0 0,22 0,44 1,35 3,61 6,53 6,3 3,37 22,5
RP Jerte Cab 0,12 0 0 0 0 0,04 0,08 0,24 0,64 1,15 1,11 0,59 3,97
ZR Ambroz 1,04 0 0 0 0 0,35 0,69 2,07 5,18 10,4 10 4,83 34,5
ZR Alagon MD 5,13 0 0 0 0 1,71 3,43 10,3 25,7 51,3 49,6 23,9 171
ZR Alagon MI 3,96 0 0 0 0 1,32 2,64 7,91 19,8 39,6 38,3 18,5 132
ZR Alagon MI2 2,64 0 0 0 0 0,88 1,76 5,28 13,2 26,4 25,5 12,3 88
R Jerte 0,04 0 0 0 0 0,01 0,03 0,09 0,22 0,4 0,39 0,21 1,39
RP Bajo Alag 0,15 0 0 0 0 0,05 0,1 0,29 0,78 1,42 1,37 0,74 4,9
Consumption (% total consumption)          
Demand site OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP TOT 
RP Alag Cab 3,02 0,00 0,00 0,00 0,00 0,98 1,96 6,00 16,04 29,02 28,00 14,98 100
RP Jerte Cab 3,02 0,00 0,00 0,00 0,00 1,01 2,02 6,05 16,12 28,97 27,96 14,86 100
ZR Ambroz 3,01 0,00 0,00 0,00 0,00 1,01 2,00 6,00 15,01 29,98 29,00 13,99 100
ZR Alagon MD 3,00 0,00 0,00 0,00 0,00 1,00 2,01 6,00 15,00 30,00 28,99 14,00 100
ZR Alagon MI 3,00 0,00 0,00 0,00 0,00 1,00 2,00 5,99 15,00 30,00 29,00 14,00 100
ZR Alagon MI2 3,00 0,00 0,00 0,00 0,00 1,00 2,00 6,00 15,00 30,00 29,00 14,00 100
R Jerte 2,88 0,00 0,00 0,00 0,00 0,72 2,16 6,47 15,83 28,78 28,06 15,11 100
RP Bajo Alag 3,06 0,00 0,00 0,00 0,00 1,02 2,04 5,92 15,92 28,98 27,96 15,10 100

 
 



Tiétar. Urban demands 
Consumption (hm3)             
Demand site OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP TOT 
Ab Pajarero 0,05 0,04 0,04 0,04 0,03 0,04 0,04 0,05 0,05 0,1 0,11 0,07 0,66
Guadyerbas cab 0,03 0,03 0,03 0,03 0,03 0,03 0,03 0,03 0,04 0,05 0,05 0,05 0,43
Ab Alto Tietar 0,24 0,2 0,2 0,2 0,17 0,19 0,2 0,23 0,28 0,47 0,54 0,36 3,28
C de Oropesa 0,1 0,09 0,08 0,08 0,07 0,08 0,08 0,09 0,1 0,13 0,12 0,11 1,13
Ab Gta Alardos 0,06 0,05 0,05 0,05 0,05 0,05 0,05 0,06 0,06 0,08 0,07 0,07 0,7
Ab RosaritoCarabas 0,1 0,09 0,09 0,09 0,07 0,08 0,08 0,08 0,09 0,1 0,1 0,1 1,07
Ab Gta Sta maria 0,24 0,23 0,22 0,22 0,19 0,21 0,21 0,24 0,25 0,26 0,24 0,25 2,76
Ab Gta Caraba 0,08 0,07 0,07 0,07 0,06 0,07 0,07 0,06 0,09 0,1 0,1 0,09 0,93
Ab Bajo Tietar 0,13 0,12 0,12 0,12 0,1 0,11 0,11 0,13 0,14 0,16 0,15 0,14 1,53
Ab Los Morales 0 0 0,05 0,05 0,05 0,05 0,05 0,05 0 0 0 0 0,3
Consumption (% total consumption)           
Demand site OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP TOT 
Ab Pajarero 7,58 6,06 6,06 6,06 4,55 6,06 6,06 7,58 7,58 15,15 16,67 10,61 100
Guadyerbas cab 6,98 6,98 6,98 6,98 6,98 6,98 6,98 6,98 9,30 11,63 11,63 11,63 100
Ab Alto Tietar 7,32 6,10 6,10 6,10 5,18 5,79 6,10 7,01 8,54 14,33 16,46 10,98 100
C de Oropesa 8,85 7,96 7,08 7,08 6,19 7,08 7,08 7,96 8,85 11,50 10,62 9,73 100
Ab Gta Alardos 8,57 7,14 7,14 7,14 7,14 7,14 7,14 8,57 8,57 11,43 10,00 10,00 100
Ab RosaritoCarabas 9,35 8,41 8,41 8,41 6,54 7,48 7,48 7,48 8,41 9,35 9,35 9,35 100
Ab Gta Sta maria 8,70 8,33 7,97 7,97 6,88 7,61 7,61 8,70 9,06 9,42 8,70 9,06 100
Ab Gta Caraba 8,60 7,53 7,53 7,53 6,45 7,53 7,53 6,45 9,68 10,75 10,75 9,68 100
Ab Bajo Tietar 8,50 7,84 7,84 7,84 6,54 7,19 7,19 8,50 9,15 10,46 9,80 9,15 100
Ab Los Morales 0,00 0,00 16,67 16,67 16,67 16,67 16,67 16,67 0,00 0,00 0,00 0,00 100

 



Tiétar. Agricultural demands 
Consumption (hm3)             
Demand site OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP TOT 
RPTietCab 0,36 0 0 0 0 0 0,18 1,08 3,76 5,91 5,01 1,61 17,9
RP Guadyerbas 0,02 0 0 0 0 0 0,01 0,05 0,17 0,27 0,23 0,07 0,82
RP Aar Rosarito 0,28 0 0 0 0 0 0,14 0,83 2,89 4,55 3,86 1,24 13,8
RP Alardos 0,19 0 0 0 0 0 0,1 0,58 2,04 3,2 2,71 0,87 9,69
ZR Tietar MDI 0,16 0 0 0 0 0 0 0,78 3,43 5,78 4,69 0,78 15,6
ZR Tietar MDII 0,2 0 0 0 0 0 0 0,98 4,32 7,26 5,88 0,98 19,6
ZR Tietar MDIII 0,08 0 0 0 0 0 0 0,43 1,9 3,2 2,6 0,43 8,64
ZR Tietar MII 0,26 0 0 0 0 0 0 1,32 5,82 9,78 7,93 1,32 26,4
ZR Tietar MIII 0,38 0 0 0 0 0 0 1,92 8,45 14,2 11,5 1,92 38,4
RP Ros‐Smaria 0,06 0 0 0 0 0 0,03 0,2 0,7 1,1 0,94 0,51 3,54
RP Alcañizo 0,06 0 0 0 0 0 0,03 0,19 0,68 1,06 0,9 0,29 3,21
RP Smaria 0,02 0 0 0 0 0 0,01 0,05 0,16 0,25 0,22 0,07 0,78
RP Smaria Caraba 0,58 0 0 0 0 0 0,29 1,74 6,07 9,54 8,1 2,6 28,9
ZR Peraleda mata 0,1 0 0 0 0 0 0,1 0,49 2,06 3,33 2,94 0,78 9,8
ZR Valdecañas 0,07 0 0 0 0 0 0,07 0,33 1,39 2,24 1,98 0,53 6,61
RP Caraba‐Tor‐Tiet 0,67 0 0 0 0 0 0,34 2,02 7,06 11,1 9,41 3,03 33,6
RP Caraba  0,2 0 0 0 0 0 0,1 0,61 2,14 3,36 2,85 0,92 10,2
RP Btietar 0,14 0 0 0 0 0 0,07 0,43 1,5 2,37 2,01 0,65 7,17
Consumption (% total consumption)           
Demand site OCT NOV DIC ENE FEB MAR ABR MAY JUN JUL AGO SEP TOT 
RPTietCab 2,01 0,00 0,00 0,00 0,00 0,00 1,01 6,03 20,99 33,00 27,97 8,99 100
RP Guadyerbas 2,44 0,00 0,00 0,00 0,00 0,00 1,22 6,10 20,73 32,93 28,05 8,54 100
RP Aar Rosarito 2,03 0,00 0,00 0,00 0,00 0,00 1,02 6,02 20,96 32,99 27,99 8,99 100
RP Alardos 1,96 0,00 0,00 0,00 0,00 0,00 1,03 5,99 21,05 33,02 27,97 8,98 100
ZR Tietar MDI 1,02 0,00 0,00 0,00 0,00 0,00 0,00 4,99 21,96 37,00 30,03 4,99 100
ZR Tietar MDII 1,02 0,00 0,00 0,00 0,00 0,00 0,00 4,99 22,02 37,00 29,97 4,99 100
ZR Tietar MDIII 0,93 0,00 0,00 0,00 0,00 0,00 0,00 4,98 21,99 37,04 30,09 4,98 100
ZR Tietar MII 0,98 0,00 0,00 0,00 0,00 0,00 0,00 4,99 22,02 37,00 30,00 4,99 100
ZR Tietar MIII 0,99 0,00 0,00 0,00 0,00 0,00 0,00 5,00 22,01 37,01 30,00 5,00 100
RP Ros‐Smaria 1,69 0,00 0,00 0,00 0,00 0,00 0,85 5,65 19,77 31,07 26,55 14,41 100
RP Alcañizo 1,87 0,00 0,00 0,00 0,00 0,00 0,93 5,92 21,18 33,02 28,04 9,03 100
RP Smaria 2,56 0,00 0,00 0,00 0,00 0,00 1,28 6,41 20,51 32,05 28,21 8,97 100
RP Smaria Caraba 2,01 0,00 0,00 0,00 0,00 0,00 1,00 6,02 20,99 32,99 28,01 8,99 100
ZR Peraleda mata 1,02 0,00 0,00 0,00 0,00 0,00 1,02 5,00 21,02 33,98 30,00 7,96 100
ZR Valdecañas 1,06 0,00 0,00 0,00 0,00 0,00 1,06 4,99 21,03 33,89 29,95 8,02 100
RP Caraba‐Tor‐Tiet 1,99 0,00 0,00 0,00 0,00 0,00 1,01 6,01 20,99 33,01 27,98 9,01 100
RP Caraba  1,96 0,00 0,00 0,00 0,00 0,00 0,98 5,99 21,02 33,01 28,00 9,04 100
RP Btietar 1,95 0,00 0,00 0,00 0,00 0,00 0,98 6,00 20,92 33,05 28,03 9,07 100

 





Annex 4. Correlations between SPI and inflow values 
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Hydrological zone 0952A 
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Hydrological zone 0952C 
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Hydrological zone 0953A 
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Hydrological zone 0953B 
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Hydrological zone 0953C 
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Hydrological zone 0953E 
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Hydrological zone 1061A 
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Hydrological zone 1061G 
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Hydrological zone 1063B 
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Hydrological zone 1063C 
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Hydrological zone 1064A 
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