
 
 

Universidade de Trás-os-Montes e Alto Douro (UTAD) 

 

Efficient tools to simulate main crops in Portugal for 

decision support systems 

 

 

PhD Thesis 

Agricultural Production Chains - From Fork to Farm 

 

Chenyao Yang 

 

Supervisor: Professor Doctor João Carlos Andrade Santos 

                       Co-supervisors: Professor Doctor Wim Van Ieperen 

                                                    Doctor Helder Fraga 

 

 

 

 

 

 

 

 

 

 

 

 

VILA REAL, 2019 

 



 
 

Universidade de Trás-os-Montes e Alto Douro (UTAD) 

 

Efficient tools to simulate main crops in Portugal for 

decision support systems 

 

 

PhD Thesis 

Agricultural Production Chains - From Fork to Farm 

 

Chenyao Yang 

 

Supervisor: Professor Doctor João Carlos Andrade Santos 

                       Co-supervisors: Professor Doctor Wim Van Ieperen 

                                                    Doctor Helder Fraga 

 

 

Jury Members: 

  President:  

       Doutora Ana Maria Araújo de Beja Neves Nazaré Pereira (UTAD);  

  Vowels:        

       Doutor Alfredo Moreira Caseiro Rocha, Professor Associado com Agregação (UA); 

       Doutor Aureliano Natálio Coelho Malheiro, Professor Auxiliar (UTAD); 

       Doutor Hernâni Varanda Gerós, Professor Associado com Agregação (UMinho); 

       Doutor João Carlos Andrade dos Santos, Professor Auxiliar com Agregação (UTAD); 

       Doutor José Paulo de Melo e Abreu, Professor Associado com Agregação (ISA); 

       Doutor Marco Moriondo, Investigador do Italian National Research Counicil (CNR).  

 

 

VILA REAL, 2019 



 
 

 

 

 

 

Declaração 

 

Esta Tese foi expressamente elaborada para cumprimentos dos requisitos 

necessários à candidatura ao grau de Doutor em Cadeias de Produção Agrícola - da 

mesa ao campo pela Universidade de Trás-os-Montes e Alto Douro. 

Declaro para os devidos fins que a Tese de Doutoramento atende as normas técnicas 

e científicas exigidas pelos regulamentos em vigor da Universidade de Trás-os-

Montes e Alto Douro. As doutrinas apresentadas no presente trabalho são da 

exclusiva e inteira responsabilidade do autor. 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

The PhD works are supported by European Investment Funds under 

FEDER/COMPETE/POCI ï Operational Competitiveness and Internationalization 

Program (POCI-01-0145-FEDER-006958), and by National Funds of FCT ï 

Portuguese Foundation for Science and Technology (UID/AGR/04033/2013). I also 

acknowledge the granted FCT fellowship (PD/BD/113617/2015) under the Doctoral 

Program ñAgricultural Production Chains ī from fork to farmò (PD/00122/2012). 

 

 

 

 

 



 
 

 

 

 

 

 

 

 



 
 

 

 



I 
 

ACKNOWLEDGEMENTS  

It felt as if a blink of eye in four years of time with intense training, working and living in a foreign 

country away from home. It is indeed a significant challenge for me to undertake the PhD works 

at beginning, as there are insufficient experience, limited resources and a big knowledge gap in 

this research topic. In particular, it is a brave decision to jump into this new field of research for 

me, who previously held a background of molecular biology in master degree. But when I looked 

back at the time of delivering my applications to this International PhD program four years ago, I 

still appreciate being given this opportunity to improve myself and empower my career as long 

aspiring to be a scientific researcher. At some point of time, it just occurred to me I really have 

passions for this topic, in particular for crop system modelling. Over these four years of PhD works, 

I feel fortunate for not being lonely in this path. I want to have my genuine thanks to many who 

have generously helped me in both life and works: 

 

To my supervisor and tutor Professor João Carlos Andrade Santos, for his guidance of works, 

concerns in my personal life, for always being supportive, available and dedicated. His advices, 

transmitted knowledge, encouragement for explorations, all contribute to the success of the works;   

 

To my co-supervisor Professor Wim Van Ieperen, for his valuable insights, guidance of works, 

and expert opinions in crop modelling, which all contribute to the success of works. Also, special 

thanks for his great assistance in arranging my wonderful stay in Wageningen University; 

 

To my co-supervisor Helder Fraga, for being a friend in life, his detailed instructions in crop 

modelling, and for his experience and advices in designing research directions, which all contribute 

to the success of works. I also appreciate his many novel and inspiring ideas during the course; 

 

To the secretaries of the doctoral program, Mrs. Lígia Pinto and Mrs. Lídia Nobrega, and Miss 

Ana Moura, who always respond to my requests quickly and efficiently arrange the logistic matters, 

as well as providing great assistance in dealing with the bureaucratic issues and procedures;  

 

To Universidade de Trás-os-Montes e Alto Douro (UTAD) and Wageningen University (WUR); 



II  
 

To the Professor Amelia M. L. Dias da Silva, who kindly help me and my family´s settlement, and 

for her dedications in running this doctoral program in the beginning and ensure a smooth 

transition afterwards; 

 

To the Professor Eduardo Rosa, for being the director of this doctoral program most of the time, 

who is very committed to monitoring our progress and organizing the program. I am inspired by 

his insistence on research quality and on importance of state-of-the-art literature reviewing;   

 

To the Professor Henrique Trindade, for his useful inputs from an agronomic expert point of view; 

 

To the STICS founders, forum and team members, for their technical assistance and shared advices; 

 

To my friend Myriam Taghouti, who always act selflessly and give me and my family great support 

and help, for her toughness and positivity in life;  

 

To my friend Ratnajit Mukherjee, for his essential support in computer programming that greatly 

facilitate my works. I am very grateful by his detailed guidance to the ñNew Worldò; 

 

To my team members and friends Andre Fonseca, Ricardo Costa and Mónica Santos, who share 

the same values and principles in research, having fun, respect and help each other; 

 

To my colleagues and friends António Fernandes, Ana Abraão, André Lemos, Chenhe Zhang, 

Daniela Terêncio, Ermelinda Silva, Ivo Pavia, Iva Prgomet, Liren Shu, Lisa Martins, Luis Rocha, 

Miguel Oliveira, Nikola Grcic, Richard Gonçalves, Shweta Singh, Weina Hou for their companies; 

   

Lastly, I want to express my most important and enormous gratitude to my beloved wife (Manyou 

Yu) and kid (Krystal Isabella Yu Yang), as well as beloved father (Junpin Yang) and mother (Jinyu 

Chen) for their infinite loves, tolerance, great support and cares, continuous encouragements. 

Language is pale to describe how much I love all of you. Without them, it would be impossible to 

accomplish the works and complete the PhD thesis.        

   



III  
 

ABSTRACT 

Agricultural systems are inherently vulnerable to climate variability and climate change is 

expected to increase this vulnerability. Various studies warn the anthropogenic-driven global 

warming with elevated CO2 concentration and altered regional precipitation pattern, are expected 

to negatively affect local crop productivity and thus exacerbate food insecurities in many regions 

worldwide, particularly for Mediterranean basin. Mediterranean basin is one of the most prominent 

climate change ñhotspotò due to ongoing and projected changes in both climate means and 

variabilities, comprising a robust climate change signal of an overall warming and drying trend, 

accompanied by more frequent occurrence of severe drought and extreme high temperatures. 

Specifically, these projected changes are expected to be more pronounced in southern Europe, 

such as in Portugal, where annual mean temperature has increased at a rate more than double the 

global warming rate in the past decades, along with the observed decreases in precipitation and its 

enhanced inter-annual variability.  

Therefore, it is urgently needed to carry out the assessment of climate change impacts on 

agricultural production and explore suitable adaptation strategies, whereas the related studies so 

far remain scarce in Portugal. We had chosen three important cropping systems for Portuguese 

agriculture, i.e. irrigated maize, rainfed wheat and perennial forage grassland, while representative 

study sites in their current principal growing regions were identified accordingly. The overall 

methodology follows combined use of climate and crop models, where the spatially-downscaled 

bias-corrected climate change projections from climate models were utilized to drive crop model 

simulations at study sites, which were prior calibrated using local observed weather, soil and 

management data. For employed process-based crop models, both STICS and AquaCrop were 

applied for the irrigated maize production, whereas the other two cropping systems were only 

analyzed using STICS model. It was noteworthy one major strength from current studies consisted 

in, on top of projected mean climate changes, we had consistently incorporated the effects of 

potential changes in climate variability and its associated extreme weather events into the 

simulated impacts (e.g. yield changes) for a more reliable assessment.  

The results indicate threats and risks of future climate change are substantially high for agriculture 

production in Portugal. Because an overall negative climate change impact from the mid until the 

end of 21st century is obtained for all three important cropping systems, corresponding to 

moderate-to-severe yield losses with increased inter-annual variabilities. Yield losses are greater 
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in magnitude with higher year-to-year variability, in the second half of the century than in the first 

half, and in a high emission pathway than in a low emission scenario. The CO2 fertilization effect 

is unlikely to compensate these yield reductions, where it brings more yield increment for C3 

species (wheat and defined grass mixture) than for C4 (maize). Specifically, majority of negative 

impacts are derived from the shortened growth duration for irrigated maize under a warmer climate, 

and from intensified drought and heat stresses during a sensitive period (grain-filling) for rainfed 

wheat or during an unfavorable summer period for perennial grassland. These aspects correspond 

to the vulnerabilities of cropping systems facing climate change. It is interesting to note though 

higher temperature is clearly detrimental to irrigated maize production, it facilitates advanced 

phenology of perennial grass shifting towards the favorable cool and wet winter period for 

enhanced production or it may also help rainfed wheat crop to mature earlier to avoid excessive 

terminal stresses. Yet the magnitude of climate change impacts on agricultural productivity 

remains uncertain, varying with analyzed cropping systems, locations and management practices, 

applied climate models (including downscaling approaches) and crop models (including partial or 

full calibration), selected time periods and emission pathways.  

Adaptation strategies provide potential to mitigate these negative impacts, and development of 

appropriate and risk-focused adaptation policy should address previously identified vulnerabilities 

and prioritize available options for an integrated and comprehensive strategy. For annual cereal 

crops, increased irrigation amount at various levels has been firstly tested for irrigated maize 

cropping system under climate change, taking into account crop water demand and projected 

seasonal rainfall distribution. Though increased irrigation is able to mitigate yield reductions and 

maintain current yield levels, crop WUE considerably declines as a result of diminished yield 

responsiveness to seasonal water input with shorter growth duration. In view of increasing risks of 

water scarcity and decreasing portion of fresh water available for agriculture in the Mediterranean 

basin, solely increased irrigation supply might not be a feasible strategy, whereas the adaptive 

response for maize should be prioritized to promote water-saving techniques and maximize WUE 

for stabilizing yields (marginal reductions allowed). Combining optimized irrigation strategy (e.g. 

deficit irrigation) and installed efficient facilities (e.g. drip irrigation system) with other adaptation 

options, including introducing longer cycle cultivars and advanced sowing dates to counterbalance 

the shortened growing duration, is recommend, but should be further rigorously examined. 
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For the rainfed wheat cropping system, adaptation priority should address the exacerbated risks of 

drought and heat stresses during the sensitive anthesis and grain-filling periods. The terminal stress 

escaping strategy is proposed by firstly testing early flowering cultivars (also known as short-cycle 

genotypes), where the trade-off between lower risk of exposure to terminal stress and higher risk 

of reduced yield potential tends to be positive, leading to net yield gains. Still, this option needs to 

be combined with other adaptation opportunities including early sowing date, wheat cultivars with 

less or no vernalization requirement (e.g. using spring wheat) and supplementary irrigation during 

the sensitive stage. Early sowing is expected to achieve the same stress escaping goals by 

anticipation of growth cycle. But winter warming during early sowing window could potentially 

slow vernalization fulfillment, with limited benefits to advance the susceptible stages. Using early-

flowering spring wheat cultivars (the earliness threshold must be carefully defined) thus can help 

advocating early sowing practice that potentially make use of more autumn-winter rainfall. 

Nevertheless, the proposed stress escaping strategy is found to be comparatively more useful to 

avoid enhanced terminal heat stress (>38º last over a short period) than prolonged terminal drought 

stress, where the latter can be alleviated with optimized supplemental irrigation.     

Adaptation strategy for perennial forage grassland should take advantage of opportunity and tackle 

the challenge, both arising from climate change. Benefiting from advanced phenology towards 

winter and early spring with alleviated cold stress and enriched ambient CO2 concentration, 

adaptation measures should focus on maximizing growth potential during this favorable period. 

These include optimized resource use (balanced early fertilization strategy with limited N leaching) 

and using grass-legume mixture for flexible forage utilization and better exploiting the stimulated 

CO2 responsiveness. In contrast, to cope with the challenge of exacerbated risks of summer heat 

and drought stresses, future breeding programs should ensure a diversification (intra- and 

interspecific variations) of available germplasms in phenology (fit new seasonal climate pattern), 

heat tolerance and dehydration tolerance for principal forage species. Specifically, continuous 

improvement of drought persistence and summer dormancy traits should gain more importance for 

rainfed Mediterranean grassland. Moreover, these drought survival traits should be integrated into 

plant materials with deeper root system to enhance water uptake (e.g. more of tall fescue), but it 

may raise forage quality issues that remain unassessed. Besides, we also hypothesize it is possible 

to adapt to summer drought from a management perspective without the needs to improve and 

diversify the species and variety mixture. The findings suggest that provided minimum soil 
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moisture is guaranteed by supplemental irrigation to ensure adequate drought survival rate and 

standing density, breeding efforts should be more motivated towards heat tolerance, particularly 

in southern Portugal. Meanwhile, this measure is likely to result in a considerable increase in 

irrigation need, rendering a similar water-restriction issue facing irrigated maize.  

Crop yield projections and explored adaptation strategies are essential to assess the regional food 

security prospects and provide crucial information to support planning and implementing suitable 

adaptation strategies for farmers and policymakers in Portugal and in Mediterranean basin that is 

known to be susceptible to climate change. Despite the uncertainties in the magnitude of yield 

impacts and quantitative effectiveness of adaptations, the proposed and recommended adaptation 

strategies can represent promising opportunities to maintain or increase production in future 

climate while minimize environment impacts. Future research efforts should be directed towards 

using multi-model ensembles (both crop and climate models) to quantify the uncertainties and 

make the estimations more robust and reliable, but sustained and extensive international 

cooperation is required. Moreover, stronger link of field experimentation with crop modelling is 

essential for a more mechanistic understanding of crop response to climate change, as well as the 

integration of crop model into economic modelling for complex farm-level assessment. These shall 

all contribute to appropriate manage the climate risks and comprehensively improve the resilience 

of cropping system.  

 

Keywords: Cropping systems, Crop modelling, Climate change projections, Mediterranean 

conditions, Impact and vulnerability assessments, Adaptation explorations. 
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RESUMO 

Os sistemas agrícolas são inerentemente vulneráveis à variabilidade climática e espera-se que a 

mudança climática aumente essa vulnerabilidade. Vários estudos alertam para o facto de que o 

aquecimento global de causas antropogénicas, a elevada concentração atmosférica de CO2 e 

padrões de precipitação regional alterados deverão afetar negativamente a produtividade local das 

culturas e, assim, exacerbar inseguranças alimentares em muitas regiões do mundo, 

particularmente na bacia do Mediterrâneo. A bacia do Mediterrâneo é um dos mais proeminentes 

"hotspots" das alterações climáticas, devido às mudanças climáticas em curso e projetadas, tanto 

na média como na variabilidade, compreendendo um sinal robusto de mudanças climáticas com 

uma tendência geral de aquecimento e secura, acompanhada pela ocorrência mais frequente de 

secas severas ou extremas e temperaturas muito altas. Especificamente, espera-se que estas 

mudanças projetadas sejam mais pronunciadas no sul da Europa, como em Portugal, onde a 

temperatura média anual aumentou a uma taxa de mais do dobro da taxa de aquecimento global 

nas últimas décadas, juntamente com os decréscimos observados na precipitação e maior 

variabilidade interanual.  

Por conseguinte, é necessário avaliar os impactos das alterações climáticas na produção agrícola e 

explorar estratégias de adaptação adequadas, enquanto os estudos efetuados até agora permanecem 

escassos em Portugal. Escolhemos três importantes sistemas de cultivo para a agricultura 

portuguesa, nomeadamente o milho de regadio, trigo de sequeiro e pastagens forrageiras perenes, 

sendo os locais de estudo escolhidos representativos das suas principais regiões de crescimento. A 

metodologia geral segue o uso combinado de modelos de clima e de culturas, onde as projeções 

climáticas de elevada resolução espacial e corrigidas de viés foram utilizadas como forçamentos 

das simulações de modelos de culturas, tendo sido estes previamente calibrados usando dados 

meteorológicos, de solo e de práticas agrícolas locais. Para a produção de milho de regadio foram 

utilizados os modelos de culturas dinâmicos STICS e AquaCrop, enquanto os outros dois sistemas 

de cultivo foram analisados apenas com o modelo STICS. É importante salientar que os resultados 

do presente estudo incorporaram nos impactos simulados os efeitos das alterações não apenas na 

média, mas também na variabilidade climática e seus extremos (por exemplo, mudanças de 

produção), o que permite uma avaliação mais rigorosa. Os resultados indicam que as ameaças e os 

riscos das alterações climáticas são elevados para a produção agrícola em Portugal, dado que se 
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verifica um impacto global negativo para os três sistemas de cultivo estudados, correspondendo a 

perdas de rendimento moderadas a severas, com elevadas variabilidades inter anuais. As perdas de 

rendimento são maiores, com maior variabilidade interanual na segunda metade do século do que 

na primeira metade, e para um cenário de emissão elevada do que num cenário de baixa emissão. 

É improvável que o efeito da fertilização com CO2 compense estas reduções de rendimento, com 

um maior rendimento para as espécies C3 (trigo e pastagem) do que para a C4 (milho). Mais 

especificamente, a maioria dos impactos negativos resulta do encurtamento do período de 

crescimento do milho de regadio sob um clima mais quente, e da intensificação do stresse hídrico 

e térmico durante o período sensível para o trigo de sequeiro ou para as pastagens perenes. Esses 

aspetos correspondem às vulnerabilidades dos sistemas de cultivo face às alterações climáticas. É 

interessante notar que temperaturas mais altas são claramente prejudiciais à produção de milho de 

regadio, mas facilitando a antecipação da fenologia das pastagens perenes, melhorando a produção 

durante para o período favorável de inverno fresco e húmido. Estas novas condições também 

podem ajudar o trigo de sequeiro a amadurecer mais cedo, evitando valores excessivos de stresse. 

No entanto, a magnitude dos impactos da mudança climática na produtividade agrícola permanece 

incerta, dependendo do sistema de cultivo, local e práticas culturais, modelos climáticos aplicados 

(incluindo abordagens de downscaling) e modelos de culturas (incluindo calibração parcial ou 

total), períodos de tempo selecionados e cenários de emissão.  

As estratégias de adaptação fornecem potencial para mitigar esses impactos negativos. O 

desenvolvimento de medidas de adaptação apropriadas e focadas no risco deve ter em conta as 

vulnerabilidades previamente identificadas e priorizar as opções disponíveis para uma estratégia 

integrada e abrangente. Para as culturas anuais de cereais, o aumento dos volumes de rega em 

vários níveis foi primeiramente testado para o sistema de cultivo de milho de regadio em cenários 

de alterações climáticas, tendo em consideração as necessidades de água da cultura e a projeção 

da distribuição sazonal de precipitação. Embora o aumento da rega seja capaz de mitigar as 

reduções de rendimento e manter os níveis atuais, a WUE da cultura decresce consideravelmente 

como resultado da menor resposta ao fornecimento de água devido ao encurtamento da época de 

crescimento. Devido ao risco crescente de escassez de água e à redução da água disponível para a 

agricultura na bacia do Mediterrâneo, o aumento do recurso à rega pode não ser uma estratégia 

viável, devendo ser priorizadas estratégias de gestão de água e maximização da WUE com vista à 

estabilização dos rendimentos (reduções marginais permitidas). Combinar estratégias de irrigação 
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otimizadas (por exemplo, irrigação deficitária) e instalações eficientes (por exemplo, sistema de 

rega gota a gota) com outras opções de adaptação, incluindo a introdução de variedades de ciclo 

mais longo e datas de sementeira mais precoces de forma a contrabalançar o encurtamento do 

período de crescimento é recomendável. Para o sistema de cultivo do trigo de sequeiro, a prioridade 

de adaptação deve abordar os riscos exacerbados stresse térmico e hídrico durante os períodos 

sensíveis de antese e enchimento de grãos. A estratégia para evitar o stresse terminal é proposta 

testando primeiramente variedades de floração precoce (também conhecidas como genótipos de 

ciclo curto), onde o trade-off entre menor risco de exposição ao stresse terminal e maior risco de 

redução do potencial produtivo tende a ser positivo, levando a ganhos líquidos de rendimento. 

Ainda assim, esta opção precisa ser combinada com outras estratégias de adaptação, incluindo a 

data de semeadura antecipada, cultivares de trigo com menor ou nenhum requisito de vernalização 

(por exemplo, usando trigo de primavera) e irrigação suplementar durante o período mais sensível. 

Uma sementeira mais precoce deverá permitir evitar o stresse terminal por antecipação do ciclo de 

crescimento. No entanto, o aquecimento de inverno durante a janela de sementeira precoce poderá 

potencialmente abrandar a vernalização, com benefícios limitados no avanço das fases suscetíveis. 

A utilização de variedades de trigo de primavera com floração precoce (o limiar de antecipação 

deve ser cuidadosamente definido) advogam sementeira precoce, o que permite a utilização da 

precipitação de outono-inverno. No entanto, a estratégia proposta para evitar o stresse é 

comparativamente mais útil para evitar o aumento do stresse térmico terminal (> 38ºC por um 

período curto) do que o stresse prolongado por seca, onde este último pode ser aliviado com rega 

suplementar otimizada. A estratégia de adaptação para pastagens forrageiras perenes deve 

aproveitar a oportunidade e enfrentar o desafio, ambos decorrentes da mudança climática. 

Beneficiando-se de fenologia avançada em relação ao inverno e início da primavera, com menor 

stresse por frio e maior concentração atmosférica de CO2, as medidas de adaptação devem-se 

concentrar na maximização do potencial de crescimento durante este período favorável. Estes 

incluem o uso otimizado de recursos (estratégia balançada de fertilização precoce com limitação 

da lixiviação de N) e o uso de mistura de gramíneas e leguminosas para utilização de forragens 

flexíveis e melhor exploração da resposta estimulada de CO2. Em contraste, para lidar com o 

desafio dos riscos exacerbados de calor no verão e stresse hídrico, futuros programas de 

melhoramento devem garantir uma diversificação (intra e inter varietal) dos germoplasmas 

disponíveis em fenologia (ajuste ao novo padrão climático sazonal), tolerância ao calor e tolerância 
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à desidratação para espécies forrageiras. Concretamente, a melhoria contínua das características 

de persistência à seca e de dormência de verão devem ganhar mais importância para as pastagens 

mediterrâneas de sequeiro. Além disso, estas características de sobrevivência à seca devem ser 

integrados em materiais vegetais com sistema radicular mais profundo para aumentar a absorção 

de água (por exemplo, festuca mais alta), mas isso pode resultar em problemas de qualidade da 

forragem que ainda permanecem por avaliação. Além disso, também formulamos a hipótese de 

que é possível a adaptação à seca de verão a partir de uma perspetiva de gestão sem a necessidade 

de melhorar e diversificar a mistura de espécies e variedades. Os resultados sugerem que, desde 

que a humidade mínima do solo seja garantida pela rega suplementar para garantir a taxa adequada 

de sobrevivência à seca e a densidade de planta, os esforços de melhoramento devem ser mais 

motivados para a tolerância ao calor, particularmente no sul de Portugal. Ao mesmo tempo, esta 

medida provavelmente resultará num aumento considerável na necessidade de rega, tornando-se 

num problema similar de restrição de água enfrentado pelo milho de regadio.  

As projeções de colheira e as estratégias de adaptação exploradas são essenciais para avaliar as 

perspetivas regionais de segurança alimentar e fornecer informações cruciais para apoiar o 

planeamento e a implementação de estratégias adequadas de adaptação para agricultores e 

decisores políticos em Portugal e na bacia do Mediterrâneo. Apesar das incertezas na magnitude 

dos impactos na produção e na eficácia quantitativa das adaptações, as estratégias de adaptação 

propostas e recomendadas podem representar oportunidades promissoras para manter ou aumentar 

a produção no clima futuro, minimizando ao mesmo tempo os impactos ambientais. Esforços de 

investigação futuros devem ser direcionados para o uso de ensembles de modelos (tanto modelos 

agrícolas quanto climáticos) para melhor quantificar as incertezas e tornar as estimativas mais 

robustas e confiáveis. Não obstante, é necessária uma cooperação internacional vasta e sustentável. 

Além disso, uma forte ligação entre a experimentação de campo e a modelação de culturas é 

essencial para uma compreensão mais mecanicista da resposta da cultura às alterações climáticas, 

bem como a integração dos modelos de cultura na modelação económica. Todos estes devem 

contribuir para gerir adequadamente os riscos climáticos e melhorar a resiliência dos sistemas de 

cultivo. 

 

Palavra Chave: Sistemas de cultivo, Modelação de culturas, Projeções de mudanças climáticas, 

Condições do Mediterrâneo, Avaliações de impacto e vulnerabilidade, Estratégias de adaptação. 
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1.1 Context introduction and importance of problems 

One of the millennium development goals established by Food Agricultural Organization (FAO) 

is to eradicate extreme poverty and hunger, as the number of hungry people still remains 

unacceptably high despite recent efforts to restrict this figure below 1 billion (UNICEF, 2004). 

Even if hunger is primarily a question of insufficient access to food due to poverty, there is a global 

consensus that crop production needs to increase considerably by about 60% in the middle of 21st 

century to satisfy the food demand for agricultural products, due to population and consumption 

growth, economic development and rapid urbanization (Alexandratos and Bruinsma, 2012; 

Godfray et al., 2010). As in the past, crop production increases were mainly achieved by 

productivity gains with moderate changes in cropping areas or livestock numbers (Godfray et al., 

2010). For instance, crop yield improvement should account for more than 80% of total crop output 

increase in the next decade, according to OECD/FAO agricultural outlook 2016ï2025 

(OECD/FAO, 2016). However, in the context of foreseen global climate change in the upcoming 

decades, i.e. anthropogenic-driven greenhouse gas emissions with elevated atmospheric CO2 level, 

rising temperature, altered local precipitation pattern (IPCC, 2013), it is becoming increasingly 

difficult to maintain or increase crop yields without any changes in current cropping systems.  

A robust and coherent global pattern is discernible of climate change impacts on crop productivity 

that could have consequences on two dimensions of food security, i.e. availability and stability 

(Wheeler and von Braun, 2013). A comprehensive meta-analysis of global climate change impacts 

indicated a great risk of mean yield reductions for staple crops (maize, wheat and rice) in tropical 

and temperate regions by a projected moderate warming of 2 , being more consistent from 2030s 

onwards, up to 25% of aggregated yield losses (Challinor et al., 2014). Besides decreases in mean 

yields, increased inter-annual yield variabilities, associated with increased climate variabilities and 

extreme events, are expected to negatively affect future year-to-year stability of food crop supply, 

amplifying marketing price and fluctuations (Asseng et al., 2014; Challinor et al., 2014). A notable 

example was the 2003 summer heat wave, characterized by an increase in mean temperature and 

much larger temperature variability, which considerably reduced cereal production by about 23 

million tons in Europe, with huge economic impacts on the food supply chains (Schär et al., 2004). 

This situation concretely demonstrated how climate variability and associated extreme events may 

have significant impacts on agriculture production. 
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1.2 Vulnerability and research gaps in Portugal 

It is likely that climate change and variability have more impacts on cropping systems and 

exacerbate food insecurities in current vulnerable regions, such as the Mediterranean region 

(Prosperi et al., 2014). Projections from a wide range of global and regional climate models 

confirm a robust climate change signal of an overall warming and drying trend for the 

Mediterranean basin, accompanied by greater frequency and intensity of extreme events (Giorgi 

and Lionello, 2008). Despite being identified as one of the most prominent ñhot-spotò for climate 

change impacts (Giorgi and Lionello, 2008), relatively fewer studies have been conducted to 

evaluate climate change impacts in the Mediterranean region compared to the counterpart 

temperate region. Studies are even more scarce for Portugal, a southern European country within 

Mediterranean basin, which currently calls for the strong needs for research assessments on climate 

change impacts and risks, to identify vulnerabilities of various agro-ecosystems and exploration 

of policy guidelines for planning efficient, integrated and target adaptation strategies (Carvalho et 

al., 2014). Resultantly, the findings obtained are not only relevant in Portugal, but also have 

broader implications for regions with similar Mediterranean-type climates.  

Scenarios, Impacts and Adaptation measures (SIAM, http://cciam.fc.ul.pt/prj/siam/) was a 

pioneering project for climate change impact assessments in Portugal over 1999ï2006 (Santos and 

Miranda, 2006). It revealed that future climate change may reduce yields of rainfed wheat and 

irrigated maize in Portuguese major producing regions by 25% and 29% respectively, highlighting 

the need for development and planning of adaptation strategies (e.g. early sowing dates and 

introducing cultivars with better heat and drought tolerance) (Santos and Miranda, 2006). However, 

one major limitation from the SIAM project arises from the fact that their climate projections are 

directly based on the coarse horizontal resolution (200ï300 km) of Global Climate Model (GCM) 

simulations that are normally not appropriate for direct use in impact models, i.e. crop models are 

typically operated at 1 ha scale (Yang et al., 2019; Yang et al., 2010). Moreover, the trajectories 

of future Greenhouse Gas (GHG) emissions are dependent on demographic changes, technologic 

trends, social-economic development and policy influences, thus adding uncertainty to the climate 

change projections (Asseng et al., 2013). Climate change scenarios adopted by SIAM are based 

on limited sets of social-economic scenarios (Carvalho et al., 2014; Santos and Miranda, 2006), 

such as A1 and A1B from the Special Report on Emission Scenarios (SRES), where these scenarios 

do not include possible future policy interventions and thus not encompass full ranges of potential 

http://cciam.fc.ul.pt/prj/siam/
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outcomes (Nakicenovic et al., 2000). Besides, the crop models are implemented without adequate 

calibrations and performance evaluations, as well as lack of appropriately incorporating local 

agronomic characteristics (Santos and Miranda, 2006). Moreover, quantitative effectiveness of 

adaptation strategies explored has not been evaluated in their simulations, only providing 

qualitative suggestions based on interpretations of projected yield impacts that are inherently 

uncertain (Santos and Miranda, 2006).    

 

1.3 Framework of PhD program 

In the framework of a novel doctoral program in the field of agriculture science (Agricultural 

Production Chains ï from fork to farm, AgriChains), my PhD research was carried out to extend 

and improve estimations of agricultural impacts of and adaptation responses to climate change, 

attempting to address the challenge issues and fill the research gaps in climate change risk 

assessment studies in Portugal. The resulting development of decision support systems (DSS) will 

allow for planning, guiding and implementing climate change adaptation strategies for the 

Portuguese agriculture, taking into account potential climate variability and change scenarios. This 

approach is plainly justified within the framework of the AgriChains doctoral program. In fact, it 

corresponds to one of its main topics (cf. approved proposal by FCT): ñClimate changes and 

adaptation measuresò. Moreover, it is aimed to provide practical information to farmers and policy-

makers, in order to bridge scientific knowledge to real economy. 

 

1.4 Overall methodologies 

We have firstly identified three crop production systems that are socially, culturally and 

economically important in Portugal, namely irrigated maize, perennial grassland and rainfed wheat 

crops, which are chosen as the subjects in our climate impact studies (Yang et al., 2018; Yang et 

al., 2019; Yang et al., 2017). The corresponding representative study sites in the major producing 

regions of Portugal have been identified. The overall methodologies follow the combined use of 

climate models and crop models. Climate models generate a wide range of plausible projections 

of future climate conditions at study sites, at which crop responses are simulated by process-based 

crop models, resulting in the variations and changes of important agronomic outputs (e.g. growth 

duration, grain yield, aerial biomass) relative to the reference (baseline) period. These variations 

and changes are primarily interpreted as impacts of climate change, for which quantitative 
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effectiveness of field-level adaptation strategies are proposed and tested by modifying cultivar 

traits or adjusting management inputs that are both available as an integral part of crop models 

(Challinor et al., 2014; Ruiz-Ramos et al., 2018). Climate models are appropriate tools for 

analyzing climate change, while crop growth and yield formation processes are simulated by 

dynamic crop models that quantify the impacts of complex interactions among Genotypes × 

Management × Environment (G × M × E) on a daily time-step (Asseng et al., 2014; Challinor et 

al., 2014). Moreover, use of crop models allows to isolate the impacts of climatic and non-climatic 

factors on crop yields while keep other factors constant, which are difficult to determine in field 

experiment or long-term yield trends, e.g. trend of time-series regional yield statistics is a result of 

numerous interplaying factors, thus being difficult to isolate their individual contribution to yield, 

such as the case of temperature or precipitation (Asseng et al., 2011; Lobell et al., 2005).  

Over the course of my PhD, I mainly focused on using the STICS crop model, which has been 

developed by INRA (French National Institute for Agricultural Research) since 1996 (Brisson et 

al., 2003; Brisson et al., 2009; Brisson et al., 1998; Brisson et al., 2002). The model is initially 

parameterized for cereal crops, such as maize and wheat (Brisson et al., 1998; Brisson et al., 2002), 

but later being adapted to various other crops, such as perennial grassland (Ruget et al., 2009). The 

robustness of model, with its standard set of parameters, has been sufficiently tested and examined, 

showing satisfactory performance for a wide range of agro-climatic conditions, including 

situations under Mediterranean-type climate (Coucheney et al., 2015). AquaCrop, a water-driven 

crop model developed by FAO (Steduto et al., 2009), which is relevant for studying the relations 

between crop yield and water productivity under climate change, is also employed in my thesis 

works for one occasion (Yang et al., 2017).  

In Chapter 2, we will provide state-of-the-art literature reviews on modelling climate change 

impacts on crop growth and yield, including detailed information on the social-economic 

importance of these identified production systems in Portugal, as well as current state of 

knowledge concerning climate change projections and model-based evaluation of impacts and 

adaptation options (including a brief overview of the STICS crop model). In short, projected 

climate change impacts on crop growth and productivity, based on the combined use of crop and 

climate models, are known to vary with different locations and regions, characteristics of selected 

cropping systems, GHG emission scenarios and future time periods chosen (Asseng et al., 2013; 

Challinor et al., 2014; Islam et al., 2012; Rötter et al., 2018; Wang et al., 2018). Therefore, 
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assessments of climate change impacts and exploration of adaptation strategies should be carried 

out in a specified local context. Appropriate assimilations of local crop growing conditions into 

crop models, including observed climate data, dominant soil types and representative farming 

practices (e.g. common cultivars, planting dates, resource investments, among others) before 

feeding climate projections data, are essential for a more relevant and reliable analysis.  

 

1.5 Objectives and tasks 

The overall objectives of my PhD thesis research are 1) to explore food security prospects for 

farmers and stakeholders by providing crucial information and insights on yield projections of 

three main crop production systems in Portugal (i.e. irrigated grain maize, rainfed winter wheat 

and perennial grassland); 2) to aid in developing, planning and enacting climate change adaptation 

strategies for Portuguese major producing regions of these crops, based on rigorously examined 

various levels of adaptation options in the modelling processes; 3) to bring added value to enhance 

the resilience of agri-food chains where key inputs are available to bio-economic or farming system 

models for more integrated and comprehensive risk assessment and management; 4) to improve 

our understandings of crop physiological and growth response to climate change. 

In line with these objectives, the following research tasks have been carried out: 

1) Analysis of performance of two dynamic crop models (STICS and AquaCrop) in simulating 

irrigated maize yields at regional scale by comparing to statistic data in the Portuguese major 

producing region (Ribatejo) (Chapter 3).  

2) Analysis of the response of several important outputs of the irrigated maize system (i.e. yield, 

growth duration, seasonal water input and water use efficiency) to project climate change in 

Ribatejo, based on the previous two crop models, and propose irrigation-based adaptation 

strategies, by analyzing water-yield relations under different climate change scenarios (Chapter 

3).  

3) Evaluation of STICS model performance in simulating local grain yields of winter wheat, using 

5-year published yield data at one representative site within a major wheat growing region in 

Portugal (Alentejo) (Chapter 4). 

4) Assessment of winter wheat yield response to projected climate change using STICS model, 

and estimate the quantitative effectiveness of using early flowering cultivars and early sowing 
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dates as potentially suitable regional adaptation options for wheat production in Alentejo (Chapter 

4). 

5) Comparison of forage Dry Matter Yield (DMY) of Mediterranean perennial grassland simulated 

by STICS with observations, and estimate potential climate change impacts on DMY under 

contrasting grassland growth duration and irrigation water supply (Chapter 5). 

6) Explorations of recommendable adaptive responses to the impacts of foreseeable enhanced 

extreme weather events in summer (JuneïAugust) derived from climate change projections, by 

separating the effects of severe water deficits on DMY from effects of heat stress using STICS 

model at grassland sites throughout Portugal (Chapter 5). 

The current PhD thesis is organized in 7 chapters, with Chapter 6 of General Discussion and 

Chapter 7 of Concluding Remarks and Future Outlooks. A diagram overview is provided below 

in Fig. 1. 

 

 

Figure 1. An overview of present PhD thesis structure 
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2.1 Crop production and challenge under climate change  

      2.1.1 Importance of crop production in Portugal  

The European Union is one of the world´s largest and most productive supplier for food, standing 

for 20% of global cereal production, with crop productivity 60% higher than the world average 

(Olesen et al., 2011). In Portugal, where the agricultural area represents about 40% of the whole 

territory, with a remarkable economical volume (approximate 4,640 million euros), the inter-

annual crop yield variability has played a determinant role on food price and security, as well as 

land use competitions with non-food sectors (Charlier and de Gasperi, 2007).  

Fodder crop production (including perennial and annual grassland) stands for the largest 

proportion of total crop production in Portugal (Fig. 1). There are around 2.5 million hectares of 

grassland in Portugal, accounting for 25% of territory area, with its main distribution in the 

northwest, center and south regions (Jongen et al., 2011). In the northwest, large areas are devoted 

to intensive dairy farms, which contributes to more than 50% of national milk production 

(Trindade, 2015). Success of these dairy farms are largely dependent on self-sufficient forage 

supply from none-grazing permanent grassland (Trindade, 2015). In the center region, grassland 

utilization generally focuses on integrated livestock production, e.g. in Quinta da Franca covering 

around 500 ha, in which irrigated pasture provides an essential forage source (Pereira et al., 2004). 

For the south, where grassland is the main vegetation cover, semi-natural grassland with higher  

 

 

Figure 1 Proportion of various crop production systems in Portugal (INE, 2015). 
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conservation value (Aires et al., 2008), is critical to sustain extensive animal grazing, but being 

gradually replaced by sown biodiverse permanent pasture (Teixeira et al., 2011). Given the 

important role of forage production, climate conditions may exert strong control on farmerôs 

livelihood. For instance, in the dry year of 2004-2005, animal stocking rate in several pasture farms 

significantly decreased as a result of drought induced forage deficiency (Teixeira et al., 2011). 

Perennial crops are inherently vulnerable to climate changes, owing to the all-around-the-year 

exposure to fluctuations in local weather conditions that also vary from place to place. Evaluations 

of climate change impacts and development of adaptation measures for perennial grassland are 

most needed. 

It is also evident from Fig. 1 that maize (Zea mays L.) is the most important cereal crop in Portugal 

grown for grain and silage production. The most important growing area is located in the Ribatejo 

region, having approximately ~30,000 ha of maize fields (ca. 35% of the total maize area in 

Portugal) (Yang et al., 2017). The Ribatejo climate, characterized by very dry summers, does not 

naturally provide optimal conditions for a high water-demanding crop like maize, with a spring-

summer growing season. Hence, almost all of the maize cultivated area (94%) is currently irrigated 

(INE, 2015). Within the region, the Sorraia Valley is another example of intensive irrigated maize 

growing area, in which irrigated maize cultivation area accounts for about 25.6ï44.9% of the total 

area irrigated during 2004ï2014 (Ramos et al., 2017). In a larger context, the agricultural sector is 

by far the largest water consumer, where approximately 80% of water consumption has been 

allocated to irrigation in the Mediterranean region (Araus, 2004). However, water availability for 

agricultural purposes is rapidly declining due to increasing competition from non-food sectors, as 

well as driven by projected warming and drying trends (Challinor et al., 2014; Giorgi and Lionello, 

2008; Hamdy et al., 1995; Iglesias et al., 2007). Given the fact that irrigation practice plays a 

critical role in increasing crop productivity and improving production stability, scarcity of water 

resource with poor field management is expected to significantly hinder sustainable development 

of maize production. Therefore, sustainable methods to increase crop Water Use Efficiency (WUE) 

are gaining importance in arid and semi-arid regions such as the Mediterranean basin (Geerts and 

Raes, 2009). In recent years, the research focus has shifted to limiting factors of cropping systems 

(e.g. water availability) for sustainable intensification, instead of solely maximizing crop 

productions. Adaptation strategies based on optimized water management, such as deficit 

irrigation that contribute to maximize WUE on crops grown in drought-prone area, enable water 
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saving practices while helping to stabilize crop yields (Geerts and Raes, 2009; Zhang and Oweis, 

1999). 

Another import cereal crop in Portugal is wheat (mainly winter wheat) that are culturally, socially 

and economically important in Portugal, but insufficient domestic productions lead to the 

dependency on imports for satisfying internal demand (Almeida et al., 2016) (Fig. 1). The main 

wheat growing areas are situated in the Alentejo region in southern Portugal, representing about 

80% of total growing areas and account for >75% of national wheat production (INE, 2019). In 

Alentejo, the prevalence of dryland farming systems leads to wheat cultivation under rainfed 

conditions (Valverde et al., 2015). Approximately, 95% of wheat growing areas in Alentejo are 

devoted to bread wheat production (Gouveia and Trigo, 2008). The typical Mediterranean climate 

of this region causes a high evaporative demand in late spring (ca. AprilïJune) when precipitation 

is low, thus considerably enhancing the risks of occurrence of severe water deficit during the most 

susceptible growth stage of winter wheat, i.e., flowering and post-anthesis grain filling period 

(Costa et al., 2013; Páscoa et al., 2017). It is clear that climate-related risks for wheat production 

are substantially high in this region. A previous analysis revealed that climatic water deficits in 

May and June in this region, largely coinciding with the grain filling and ripening stages, may 

impose strong limitations on wheat yields (Páscoa et al., 2017). Over the last decades, it was found 

that regional wheat growing areas had declined drastically from an average of 211,104 ha (331,007 

t), during 1986ï1995, to of 47,394 ha (84,227 t), during 2006ï2015 (INE, 2019). The reason for 

this increasingly low adoption, in addition to policy modifications, can be largely explained by the 

observed climate trend towards a more arid climate in Alentejo, aggravating the existing climatic 

constraints, with serious concerns over yield returns and economic viability (Páscoa et al., 2017; 

Valverde et al., 2015). More investments and efforts are required by farmers to offset the negative 

impacts on yield. Therefore, it is important to quantify and understand to what extent the two main 

abiotic stresses (drought/heat) have limited wheat yield, and how adaptation options can help 

overcoming these limitations. 

Other important annual crop species, like rice and potato and dry pulses (Fig. 1), also play an 

important role in Portuguese agri-food production, with annual production reaching ~600,000 ton 

in total (INE, 2015). For fruit crop, grapevine contributes to more than 11% of total production 

(Fig. 1) (INE, 2015), making Portugal the 11th highest wine producing and exporting country in 
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the world. The commercial vineyards were distributed across 12 viticulture regions in mainland 

Portugal, representing 227,000 ha (Fraga et al., 2016). 

 

      2.1.2 Observed yield stagnations in Europe and Portugal 

The growing trends of food consumption, due to rapidly increasing population, economic growth 

and urbanization, are predicted to boost land use and water resource competition, creating marked 

impacts on various socioeconomic sectors (Alexandratos and Bruinsma, 2012; Godfray et al., 

2010). In such a context, maintaining crop production under changing climates to satisfy increasing 

consumption demand is the greatest challenge we face as a species. During the last century, 

increased crop yields were brought about mainly through Green Revolution, i.e. breeding for 

increased harvest index and disease resistance, as well as by using more irrigation and 

agrochemicals (Evenson and Gollin, 2003). While genetic gains continue, the multiple challenges 

of climate change and growing global population demand new approaches to produce nutritious, 

high yielding, climate resilient crops. For instance, it is shown that the continuous genetic progress 

on cereal grain yields has been partly counteracted by climate warming since 1990, resulting in 

yield stagnations in many European countries (Brisson et al., 2010). This particularly holds true 

for Portugal, which displays the lowest level of wheat yield with the slowest increasing rate (FAO, 

2003; Porter and Semenov, 2005) (Fig. 2). 

 

 

Figure 2 Observed wheat grain yields in selected European countries (FAO, 2003; Porter and Semenov, 2005).   
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      2.1.3 Crop response to climate change and variability 

The agricultural sector is intrinsically vulnerable to climate change, as crops are commonly subject 

to several forcing factors, being climate variability among the most important driver on crop yield 

variation. Climatic variability plays a major role in producing meteorological conditions that 

deviate substantially from mean conditions, known as climate anomalies, accompanied by the 

occurrences of extreme weather events. A number of modelling studies, centred on the effects of 

elevated atmospheric CO2 level in conjunction with changes in average climatic conditions (e.g. 

annual mean temperature and precipitation) on crop production, were conceptually incomplete, 

likely causing an underestimation of climate impacts (Asseng et al., 2013; Kassie et al., 2015; 

Tubiello et al., 2000). This is because crop is generally subject to a combination of several growth-

limiting factors (e.g. water and nutrients shortage and heat stress) and respond non-linearly to 

changes in growing conditions, exhibiting discontinuous threshold response (Porter and Semenov, 

2005; Semenov and Porter, 1995). Therefore, increased climate variability, on top of changes in 

mean climate conditions, can assume a greater role as climatic constraints in limiting crop yields. 

For example, the nation-level cereal productions across the globe were reduced by an average of 

9ï10% during 1964ï2007, resulting from the impacts of historical extreme drought and heat 

stresses (Lesk et al., 2016). Likewise, the 2003 European summer heat wave, characterized by an 

increase in mean temperature and much larger temperature variability, considerably reduced cereal 

production by about 23 million tons in Europe, with huge economic impacts on the food supply 

chains (Schär et al., 2004). 

It is repetitively stressed that along with projected mean climate changes (such as annual mean 

temperature and precipitation), changes in climate variability and associated frequency and 

intensity of extreme weather events, such as severe drought and heat stress, should also be 

explicitly included in climate change impact analysis (Lesk et al., 2016; Moriondo et al., 2011). It 

is later confirmed by IPCC (2013) that climates may become more extreme if the variance of the 

climate distribution is larger. As an illustrative example from a statistic point of view, the 

postulated temperature distribution changes were presented by Porter and Semenov (2005) in 

relation to the effects of increase in mean and variance on the frequency of occurrence of extreme 

temperature events, i.e. heat stress or frost damages (Fig. 3). Figure 3 below indicates (i) 

increasing mean temperature moves the distribution towards warmer weather (Fig. 3a); (ii) 

increasing temperature variance results in the tendency towards more frequent occurrence of 
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extreme weather events, such as heat stress (Fig. 3b);  (iii) increases in both mean and variance of 

temperature cause warmer and more frequent heat stress (Fig. 3c). 

 

Figure 3 Postulated temperature distribution changes via increases in (a) mean temperature, (b) temperature variance 

and (c) in both mean and variance of temperature (Porter and Semenov, 2005). 

 

2.2 Climate changes and climate model projections  

      2.2.1 Concepts of climate systems, variabilities and changes  

According to the World Meteorological Organization (WMO), climate can be defined as the 

statistical description in terms of mean and variability of relevant quantities over a period of time 

(typically 30 years) (WMO, 1983). Therefore, climate is the statistical description of weather at a 

given location, including the likelihood for a range of weather phenomena and states (Arguez and 

Vose, 2011). For this reason, climate sometimes refers to the average weather. Weather at 

individual locations is further subject to larger-scale complex interactions between components 

within the earth climate system, of which comprising the atmosphere, biosphere, land surface, 

hydrosphere and cryosphere (WMO, 1983). The chaotic processes occurring within the climate 

system, mainly due to the non-linear interactions between its components, constitute the internal 

climate variability, which is more pronounced at shorter temporal and smaller spatial scales 

(Frankcombe et al., 2015; Hawkins and Sutton, 2011). Moreover, the climate system might be 

forced by external factors beyond internal processes, including natural variations in solar radiation 

and volcanic eruptions, as well as human-induced alterations to atmospheric composition and land 

use, a process known as the external climate variability (Frankcombe et al., 2015). Strictly 
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speaking, the term ñclimate variabilityò refers to variations in the mean or any other statistical 

properties of the climate state, on all temporal and spatial scales, which is often used to measure 

the deviations of climate statistics over a given period of time (e.g. month, season or year) from 

the long-term statistics for the same calendar period, namely Climate Anomaly (CA) (WMO, 

1983). In contrast, climatic change, according to WMO and its usage by the Intergovernmental 

Panel on Climate Change (IPCC), is defined as the statistically significant variations in the mean 

state of climate or its variability, persisting for a long period of time (decades or longer) (IPCC, 

2013). It refers to any changes in climate system, caused by either internal variability or external 

variability. In essence, the conceptual differences between climate variability and climate change 

consist in the fact that the former looks at changes at smaller timeframes (month, season or year), 

whereas climate change considers changes for a much larger scale (decades or longer) (WMO, 

1983). From a practical viewpoint, the difference can also be interpreted as if the anomalous 

conditions persist as compared before, i.e. rare events occur more frequently. Care should be taken 

when attributing individual events to anthropogenic-driven climate change, because a sequence of 

consecutive anomalous events can even be within the bounds of natural climate variability (Deser 

et al., 2012). Only a persistent series of unusual events, in the context of broad changes in regional 

climate parameters, can suggest a potential change in climate has occurred (Deser et al., 2012; 

IPCC, 2013).  

 

      2.2.2 Observed global warming and associated Greenhouse gas emissions (GHG) 

This sub-section is based on the Summary for Policymakers chapter that is contained in the 

synthesis report of the Fifth Assessment Report (AR5) of IPCC, which synthesizes the contributing 

IPCC working group reports and providing an overview of the state of knowledge concerning the 

science of climate change (IPCC, 2014). The evidences of human influence on the earth climate 

system have grown since the IPCC Fourth Assessment Report (AR4), and recent anthropogenic 

emissions are the highest in history: surface temperature of Northern Hemisphere barely changes 

in the last 1400 years, except over the recent 30-year period (1983ï2012), with widespread impacts 

on human and natural ecosystems (IPCC, 2013). The observed climate warming is unequivocal, 

as the global average combining ocean and surface temperatures shows a robust multi-decadal 

warming of 0.85°C [0.65ï1.06°C] over 1880ï2012, accompanied by great decadal and inter-

annual variability (Fig. 4a). This warming occurs despite nearly 60% of total emissions have 
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already been removed from the atmosphere, either through various natural sinks involved in the 

carbon cycle (e.g. uptake by plants and immobilization by soil microorganisms) or via energy 

absorptions in the ocean (IPCC, 2013). Ocean warming dominates the energy increases in our 

climate system, storing about 30% of emitted anthropogenic CO2 and accounting for more than 

90% of total energy uptake between 1971 and 2010 (IPCC, 2013). This eventually creates ocean 

acidification, which represents a significant challenge for future sustainable development goals 

(Harrould-Kolieb and Herr, 2012; IPCC, 2014). The atmosphere and ocean warming have likely 

affected the global hydrological cycle, causing the retreat of glaciers, increased surface melting of 

arctic ice sheet and greatly contributing to the sea level increase. Over the period from 1901 to 

2010, global mean sea level rose by 0.19 [0.17 to 0.21] m (Fig. 4b). The sea level rising rate since 

the mid-19th century has been larger than the mean rate during the previous two millennia (IPCC, 

2013). 

More than half of globally averaged surface temperature increase can be explained by the 

anthropogenic increased GHG emission since the mid-20th century (IPCC, 2014). The GHG 

emissions have since driven large increases in the atmospheric concentrations of CO2, CH4 and 

N2O, of which 78% are derived from CO2 emissions by fossil fuel burnt, cement production and 

other industrial process, as well as from forestry and other land cover and land use changes (Fig. 

4c, d). The anthropogenic forced CO2 emission, mainly driven by population and economic growth, 

have produced an approximate 40% increase in the atmospheric concentration of CO2, from about 

280 ppm in 1850 to nearly 400 ppm in 2010 (Fig. 4c). To attribute human activities to observed 

climate warming, the recent IPCC Special Report, as part of the IPCC AR6 on the impacts of 1.5°C 

global warming, provides an estimation of 1°C [0.8ï1.2°C] warming that is caused by 

anthropogenic forcing since the pre-industrial era. The warming rate is likely to continue until 

reaching 1.5°C between 2030 and 2052 (IPCC, 2018). 

 

      2.2.3 CMIP5 simulation experiments and framework 

Climate models are the most useful tools for understanding the climate systems and climate 

changes. A new set of global coordinated climate model experiments was established following 

the endorsements of World Climate Research Program (WCRP)ôs Working Group on Coupled 

Modelling (WGCM), which initiated the fifth phase of the Coupled Model Intercomparison Project  

 

https://en.wikipedia.org/wiki/Parts_per_million
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Figure 4 Observed global warming and GHG emissions (colors for different dataset). (a) Annually and globally 

averaged combined land-and-ocean surface temperature anomalies relative to the average over 1986ï2005. (b) 

Annually and globally averaged sea-level change relative to the average of 1986 to 2005. (c) Evolution of atmospheric 

CO2 (green), CH4 (orange) and N2O (red). (d) Global anthropogenic CO2 emissions from forestry and land use as well 

as from fossil fuel combustions, cement production, and flaring (the corresponding cumulative CO2 emission and their 

uncertainties are shown as bars and whiskers, respectively) (IPCC, 2013; IPCC, 2014). 


















































































































































































































































































































































































